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Abstract 
This thesis 1s devoted largely to the study of Ir(III) complexes containing 
a-diimine ligands. New synthetic approaches to such species have been 
developed, and most of the lower-symmetry complexes discussed have been 
isolated for the first time. It has been possible to obtain the products in high 
purity, due to the relatively mild reaction conditions which were used. 
Voltammetric and spectroelectrochemical experiments showed that, 1n 
each case, the species formed on ligand-centred reduction of the 
a-diimine complex should be described using a charge-localised model. Thus it 
was demonstrated that this model, developed for [lr(bipy)3] 3+, IS applicable even 
with widely-varying spectator ligands in the coordination sphere, and the effect 
of these different ligands on the absorption spectrum of the bipy- coordinated 
radical anion has been monitored. For the [lr(bipy)2A 2]n+ complexes, there is a 
rational progression in the potentials for the bipy0 /- reductions which we have 
shown to be linearly correlated with known ligand additivity parameters. For 
species containing both bipy and phen ligands, the phenanthroline ligand is 
reduced preferentially . 
The luminescence of all of the new complexes appears to be derived from 
a 31t1t * state of the a-diimine ligands, although strong variations In the emission 
lifetime, depending on the composition of the ligand array, were observed. The 
luminescence characteristics of [lr(bipy)2(phen)]3+ and [lr(phen)2(bipy)]3 + 
are consistent with non-equilibrated dual emission, from bipy and phen 
chromophores simultaneously. 
The phenomenon of dual emission 1s explored in detail in the case of 
[lr(bipy)2Cl2]+, which displays predominantly charge-transfer luminescence. 
lV 
The non-exponential decay observed between 4.2K and 77K is a consequence of 
the increased energy gap between the emitting states in rigid media relative to 
solutions. Exponential decay occurs at 4.2K using low-power excitation. and we 
have shown that the dual behaviour which occurs under different conditions 
must be modelled 1n terms of a three-level emitting system, rather than a 2-level 
system as previously supposed. 
In contrast to the series of complexes [Ir(a.-diimine)2A 2]n+. which display 
ligand-centred electrochemistry, the properties of another series of complexes, 
Ru(acac)2L2, which undergo metal-based oxidation, have been investigated and 
these complexes have been characterised in two oxidation states. On the basis of 
the voltammetric results, various accompanying ligands, L, have been graded 
according to their apparent 1t-acidity, and the trends observed in the 
voltammetric data have been correlated with trends in the charge-transfer 
spectra at the Ru(II) and Ru(III) levels. Preliminary analyses of the e.p.r. 
spectra of the paramagnetic Ru(III) complexes have been discussed. and in some 
cases the contact shifted 1 H n.m.r. spectra were also obtainable. 
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CHAPTER 1 
Synthesis and Structural Characterisation of 
a-Diimine Complexes of Ir(III) 
SECTION 1,1 INTRODUCTION 
This chapter describes the synthesis and characterisation of new 
Ir(III) complexes containing 2,2 '-bipyridyl or similar a-diimine ligands 
(Figure 1.1.1). 
1 
A large body of literature published during the past 30 years has been 
concerned with the study of transition metal bipyridyl complexes. The rich 
redox and optical properties which are conferred on these complexes by the 
bipy ligand have received particular attention, this interest being inspired 
by the potential which complexes of bipy and related ligands have for use 1n 
solar energy devices. The most famous of these compounds is, of course, 
[Ru(bipy)3] 2+, but bipyridyl complexes of rhodium, iridium and osmmm have 
also been the subjects of a great deal of research 1n this area. 
The close attention devoted to the study of iridium bis and tris 
a-diimines, [IrL2A 2]n+ and [IrL3]3+ (L = a-diimine) belies the fact that there 
are less than twenty complexes of this type reported prior to our work. This 
deficiency 1s highlighted by the overwhelming number of Ru(II) species 
which are known - over 200 bis bipyridyl complexes, [Ru(bipy)2A2] 0 + [1], 
and hundreds more containing closely related a-diimines [2]. Complexes of 
Ir(III) do not lend themselves to synthetic manipulation in the way that the 
analogous Ru(II) complexes do; reactions involving ligands bound to Ir(III) 
and Ir(IV) tend to be sluggish, often requiring forcing conditions. All of the 
preparative routes to Ir(III) a-diimine complexes published to date begin 
with iridium-chloro species, such as IrCl3 or [IrC16] 2-. However, the Ir-Cl 
bond is not easily cleaved, and so the number of complexes which can be 
formed in this way remains limited. 
[Ir(bipy)2Cl2]+ and [lr(phen)2Cl2]+ were first prepared by fusion of 
the appropri·ate ligand with IrCI3 or K3IrCl6 [3,4], and the corresponding 
dibromo complexes could also be obtained from IrBr3. Analogous species 
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Figure 1.1.1. Structures of Some a-Diimine Ligands 
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[IrL2 Cl 2] + were later prepared by modified versions of these "melt" reactions 
[5-8]. In 1971, Broomhead and Gromley made a major contribution in this 
area with the development of a new route to [Ir(phen)2Cl2]+ from 
[phenH][Ir(phen)Cl4] [9]. Variations of this method allowed the preparation 
of mixed a-diimines [Ir LL' Cl2]+, from (L 'H)+ [IrLCl4J- [10, 11] and could also be 
used to synthesise complexes of substituted phenanthroline ligands [ 12-15]. 
[Ir(bipy)2Cl2]+ has also been obtained directly from the high-temperature 
reaction of K2IrCl6 with bipy in glycerol [16]. In the same paper, the 
isolation of [Ir(bipy)2(H2O)2] 3+ and [Ir(bipy)2Cl(H2O)] 2+, formed on 
photolysis of [Ir(bipy)2Cl2]+ in aqueous NaOH, was reported. The 
corresponding hydroxo complexes, [Ir(bipy)2(OH)2]+ and [Ir(bipy)2Cl(OH)]+, 
were prepared by recrystallisation of the aquo complexes from a solution 
containing NaOH [16]. In most of the above reactions a number of products 
are formed, probably as a consequence of the high temperatures which are 
necessary, and chromatography was often required to separate the desired 
complex from the reaction mixture. 
Attempts to prepare [lr(bipy)3]3+ were unsuccessful for many years. 
Early claims to have achieved the synthesis [17, 18] were subsequently 
overturned, when the orange or yellow material obtained was shown to be a 
complex with a highly unusual structure, containing one C-metallated bipy 
ligand [19,20]. This complex was itself the subject of much lively discussion 
and has been the inspiration for later research on lr(III) phenylpyridine 
complexes [21-23]. 
The mixed phenylpyridine/po ypyridine compounds constitute the 
newest group of lr(III) complexes containing a-diimine ligands. In 1984, 
Sprouse et al. [21] reported the isolation of the dimeric species [M(phpy)2Cl]2 
(M = Rh, Ir). These chloro-bridged dimers were prepared by heating IrCl3 or 
Rh C 13 at r~flux in high-boiling solvents, in the presence of phenyl pyridine. 
It was later shown that fusion of the appropriate dimer with 2,2'-bipyridyl or 
4 
substituted analogues gave [Rh(phpy)2(bipy)] 2+ [22] or [Ir(phpy)2(bipy)]+ 
(23 ]. The complementary bis a-diimine complex of iridium, 
[Ir(phpy)(bipy)2]2+, was derived from a triflato substrate, 
Ir(bipy)2(CF3SO3)2.CF3SO3, which undergoes substitution on heating with 
phenylpyridine or similar species [24]. 
The synthesis of genuine [Ir(bipy)3] 3 + was achieved by Flynn and 
Demas in 1974 by a sequence of high temperature "melt" reactions and 
elaborate work-up (25]. Later reports demonstrated that [Ir(phen)3] 3+ could 
be obtained similarly (26]. Isolation of [IrL3] 3 + from the final product 
mixture was not trivial, involving an extensive chromatographic procedure. 
However, this was the only authenticated route to [Ir(bipy )3] 3 + until 1984, 
when Sullivan and Meyer developed a new approach via a triflato complex, 
[Ir(bipy)2(CF3SO3)2]+ (27]. Ir(bipy)2(CF3SO3)2.CF3SO3 was heated to greater 
than 200°C in ethylene glycol in the presence of an excess of bipyridyl and 
the solution was maintained at this temperature for 5 hours. Treatment of the 
cool product solution with aqueous NH4PF6 gave Ir(bipy)3(PF6)3 in 80% 
yield. We found that the product obtained in this way had a pale brown 
colour. In a later paper [28], the same authors described a slightly modified 
work-up procedure for the same high-temperature reaction, which gave the 
product as an off-white powder. This implies that the brown colouration of 
our early batches, and those from other laboratories, was caused by 
contamination. Indeed, our latest results concur, that the product 1s off-
white. Two hydrido complexes, [Ir(bipy)2H 2]+ and [Ir(bipy)2(H)(PPh3) ]2+, 
were also obtained by Sullivan and Meyer from Ir(bipy)2(CF3SO3)2.CF3SO3, 
using methods similar to those employed in the preparation of 
Ir(bipy)3(PF6)3 [27]. 
It can be seen, then, that except where L = bipy itself, the family of 
known lr(III) a.-diimine complexes remains restricted largely to the dichloro 
species [lr.L2 Cl 2]+. Further substitution of the chloride ligands has only 
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rarely been achieved : the only other complexes of C2 symmetry which have 
been obtained are [Ir(bipy)2(H20)2] 3+, [Ir(bipy)2(0H)2]+ [16], 
[Ir(bipy)2(CF3S03)2]+ and [Ir(bipy)2H2]+, and, as noted, the only tris 
a-diimine complexes are [Ir(bipy)3] 3+ and [lr(phen)3] 3+ (25-27]. 
In this chapter we describe an improved ·synthesis of [Ir(bipy)3] 3 + 
from Ir(bipy)2(CF3S03)2 .CF3S03, using milder conditions than have 
previously been thought possible. The triflato complex has been further 
exploited in the development of a general route to bis a-diimine systems, 
[Ir(bipy)2A 2]n+. A number of these have been prepared and it seems the 
choice of the ligand A can be very flexible. We have also been able to 
prepare triflato complexes containing a-diimines other than bipyridyl, 
IrL2(CF3S03)2.CF3S03. From these the corresponding tris a-diimine systems, 
[IrL3]3+, are readily obtainable. Also, having a range of triflato complexes 
allows, for the first time, the synthesis of mixed tris a-diimine species 
[IrL2L'] 3+, exemplified by [Ir(bipy)2(phen)]3+ and [Ir(phen)2(bipy)] 3+. The 
analogous complexes of rhodium and ruthenium have been known for some 
time and the photophysical properties of these systems have attracted 
considerable attention but the iridium compounds have not, to our 
knowledge, been isolated before now. 
In summary, we have developed reliable and versatile routes to two 
new classes of Ir(III) a-diimine complexes: [Ir(bipy )2A 2]n+ and [IrL2L'] 3+, as 
well as achieving the synthesis of the homo-tris chelates [IrL3] 3 + by 
improved methods. The products are all obtained in high purity, which 
becomes vital if the complexes are to be subjected to electrochemical or 
spectroscopic investigations. The results of such experiments are described 
in Chapters 2 and 3. 
6 
SECTION 1,2 
(L = bipy, phen, 4,4'-dimethylbipy, 5,6-dimethylphen.) 
The synthesis of the triflato precursors was based on the approach 
described by Sullivan and Meyer [27], which uses [Ir(bipy)2Cl2]+ as the 
starting material. 
The method of Watts, Harrington and Van Houten [16] was followed for 
the preparation of IrL2Cl2.Cl. except in the case where L = 5,6-dimethylphen, 
for which the method of Broomhead and Gromley [9] was followed 
(unacceptably low yields were obtained using the first method). The product 
solution was diluted with an equal volume of water and then extracted with 
an appropriate solvent to remove unreacted, excess ligand (diethylether for 
bipy [16], CH2Cl2 for other L [present work]). Cooling the solution overnight 
gave the desired complex as a yellow precipitate, which was collected by 
filtration and recrystallised from methanol or from methanol-water 
mixtures. The yield, based on [lrC16J2-, was low, typically around 20-30%. 
The triflate salt of the [IrL2 Cl 2] + cation was obtained by metathesis of 
the chloride salt with CF3 SO 3 H in acetonitrile. The volume of the solution was 
reduced to approximately 10% and solid material was collected by filtration, 
air-dried and used for synthetic purposes without purification. Around 70% 
of the available product could be recovered in this way. A further 20% could 
be recovered after chromatography on neutral alumina, using CH3 CN as 
solvent. 
Finally, substitution of chloride ligand by triflate was achieved by 
reaction of IrL2Cl2.CF3SO3 with an excess of CF3SO3H in refluxing Q.-
dichlorobenzene. Decanting the cool product solution into a flask containing 
diethylether gave lrL2(CF3SO3)2.CF3SO3 as a finely-divided, pale green 
precipitate. In most cases, this powder was washed with copious amounts of 
ether, air-dried and used without further purification. Occasionally, 
7 
however, the solid product became sticky or oily during filtration, and 
darker in colour. When this did occur, the green residues were extracted into 
a fresh flask with acetonitrile, and reprecipitated by dropwise addition of 
ether. Usually this gave the desired product as a pale powder, though it might 
be necessary to repeat the process two or three times. We noticed that, where 
recrystallisation was necessary, the batches of IrL2(CF3SO3)2.CF3SO3 obtained 
were generally less efficient as starting materials, giving reduced product 
yields and leading to problems during work-up (see Section 1.3). We believe 
complications of this nature may anse when the triflic acid used in the 
preparation is not of sufficiently high quality. Although the acid had been 
distilled as a batch prior to use, some hydration may have occurred over 
longer periods. The acid was regularly redistilled to prevent further 
difficulties. 
Usually, IrL2(CF 3S O 3)2. CF3S 03 was obtained without inconvenience, m 
around 80% yield. 
Three new complexes were obtained in this way; 
lr(phen)2(CF 3S O3)2. CF 3S O 3, Ir(Me2bipy )2.(CF 3S O3)2. CF 3S 03 and 
lr(5,6-Me2phen)2(CF3SO3)2.CF3SO3, as well as lr(bipy)2(CF3SO3)2.CF3SO3 
which was first made by Sullivan and Meyer (27]. Analytical data were not 
available for lr(Me2phen)2(CF3S 03)3 at the time of publication, but the 
identity of the complex has been confirmed by n.m.r. and infrared 
spectroscopy. Bands in the infrared spectrum for the Me2phen ligand and 
for coordinated and ionic triflate were present in the expected ratio. Table 
1.2.1 lists all complexes prepared together with typical yields for each stage 
of the synthesis. 
Complexes of the substituted ligands were obtained in slightly lower 
yield than those with unsubstituted bipy or phen, probably due to the 
increased sol_ubility which is imparted to the complex by the methyl groups. 
Table 1.2.1. 
Ligand 
bipy 
phen 
4,4'-Me2bipy 
5 ,6-Me2phen 
a Reference [ 13] 
b Reference (26] 
c Reference [9] 
SECTION 1.3 
Average percentage yield: 
[IrL2Cl2] Cl a [IrL2Cl2] CF3S03 b IrL2(CF3S 03)3 b 
25 
30 
10 
soc 
90 
90 
80 
70 
90 
80 
50 
50 
SUBSTITUTION REACTIONS OF IrL2(CF3SO3)2.CF3SO3: 
ROUTES TO [IrL2L ']3+ and [IrL2A2]n+ 
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Until the present study there has been no strategy developed for 
introducing a variety of ligands to the Ir(bipy)2 unit. Previous examples of 
[Ir(b i py) 2A 2]n + complexes have been prepared by routes which are specific 
for one ligand (16,27]. 
lr(bipy)2(CF3SO3)2.CF3SO3, like the triflato complexes described by 
Sargeson et al. (29-32], undergoes solvolysis in coordinating media to produce 
[lr(bipy)2(solvent)2]n+ (solvent = CH03CN, pyridine (py)). In weakly 
coordinating solvents, the triflate ligands may be replaced by other more 
strongly ligating species (A) if these are present in solution, to give 
[lr(bipy)2A2]n+ (A2 = acetylacetone (acac), ethylenediamine (en), bipy, 
phen). Ethan.al was found to be a sufficiently weakly-coordinating medium 
for these reactions; although Ir(bipy)2(CF3SO3)2.CF3SO3 was only sparingly 
j 
9 
soluble at room temperature, all solid material was eventually consumed 
when the suspension was heated at reflux. Two of the new triflato complexes, 
Ir(phen)2(CF3SO3)2.CF3SO3 and Ir(Me2bipy)2(CF3SO3)2.CF3SO3, also proved to 
be labile to substitution. Ir(Me2phen)2(CF3S 03)2. CF3S 03 has not yet been 
utilised in the preparation of new species as this · complex was isolated for the 
first time only very recently?'The tris chelates lr(phen)3(CF3SO3)3 and 
lr(Me2bipy)3(CF3SO3)3 were isolated from the corresponding triflato 
complexes without complications, and from Ir(phen)2(CF3SO3)2.CF3SO3 we 
were also able to synthesise Ir(phen)2(bipy).(CF3SO3)3, as a complement to 
the other mixed a-diimine complex lr(bipy)2(phen). (CF3S O 3)3. Reaction 
times and stoichiometry, and product yields, are shown in Table 1.3.1. 
Table 1.3.1. Reaction Conditions for the Preparation of Ir(III) a-Diimines 
Complex L (Number of 
equivalents) 
[lr(bipy)3]3 + 20 
[lr(bipy)2(phen)]3 + 20 
[lr(bipy)2(acac)] 2 + 90 
[lr(bipy)2(py)2] 3 + 600 
[lr(bipy)2(CH3CN)2] 3 + 2000 
[lr(bipy)2(en)]3 + 120 
[lr(phen)3]3 + 25 
[lr(phen)2(bipy)]3 + 25 
[lr(Me2bipy)3] 3 + 15 
[lr(Me2phen)3]3 + See below 
Reaction 
(hours) 
4 
22 
3 
22 
22 
24 
6 
6 
4 
time % Yield 
80 
65 
80 
80 
85 
45 
60 
50 
40 
The reaction of Ir(bipy)2(CF3SO3)2.CF3SO3 with 2,2'-bipyridyl in 
ethanol, developed here, gives [Ir(bipy)3 ]3+ in good yield, comparable to the 
percentage recovery reported for the same reaction in ethylene glycol 
[27,28]. Moreover, separation of the product from the ethanol medium is 
¥ The synthesis and characterisation of [Ir(5,6-Me2phen)3](CF3S 03)3 was 
confirmed shortly after submission of this Thesis. (L. Wallace, May, 1991) 
• 
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much more convenient, achieved simply by dropwise addition of 
diethylether to the cool product solution, and the precipitate formed 1n this 
way is usually analytically and spectroscopically pure. This method of 
preparation, then, has several advantages over previous approaches: firstly, 
the reaction conditions are milder (lower temperature); secondly, the pure 
complex is easily separated from the product solution; and thirdly, 
[Ir(bipy)3] 3+ is obtained as the triflate salt, which is considerably more 
soluble than the hexafluorophosphate [27 ,28] or perchlorate [25] salts in most 
non-aqueous solvents. 
The synthesis of [Ir(phen)3]3+ from Ir(phen)2(CF3S03)2.CF3S03 1s 
preferable to previously published procedures, as it again allows the 
formation of the product under milder conditions, thus reducing the 
likelihood of generating by-products, and dispenses with the need for 
chromatographic separation of the desired product material. 
[Ir(Me2bipy)3] 3+, prepared from [Ir(Me2bipy)2(CF3S03)2.CF3S03, has 
not, to our knowledge, been isolated before this. Having six methyl groups 
attached, this complex has enhanced solubility over [Ir(bipy)3] 3 + in several 
organic solvents. 
All species listed in Table 1.3.1, other than [lr(phen)3] 3+ and 
[Ir(bipy)3] 3+, are new complexes, as indeed are the bis triflato complexes of 
Table 1.2.1, excepting Ir(bipy)2(CF3S03)3. These constitute a new class of C2 
iridium (III) polypyridyl complex, having lower symmetry than [IrL3]3+ but 
containing no halide ligands. Further, the range of ligands introduced to the 
Ir(bipy)2 unit is much wider than has previously been possible, and 
includes both "hard" (e.g. acac, ethylenediamine) and "soft" (e.g. CH3 C N) 
donors. 
Reactions were nearly al ways straightforward, and the products were 
again isolate~ by the dropwise addition of diethylether. Some difficulties 
were encountered during the isolation of [Ir(bipy)2(en)]3+, of the nature 
11 
described earlier for the work-up of Ir(bipy)2(CF3S 03)2.CF3S 03. This may 
account for the lower yield observed in this case. Such problems were 
exacerbated by the use of lower quality Ir(bipy)2(CF3S03)2.CF3S03, that is, 
prepared from possibly contaminated CF3S 03H. 
SECTION 1.4 SPECTROSCOPIC CHARACTERISATION OF [IrL2A2]n+ 
AND [IrL2L']3+ 
All of the new complexes have been characterised by infrared, n.m.r. 
and u. v./visible spectroscopy, with fully consistent results. While a complete 
list of data is presented in the experimental section of this chapter, certain 
aspects of the results deserve emphasis. 
Infrared Spectra (measured 1n KBr pellets) 
The infrared spectrum provided a valuable fingerprint for each 
complex. In the spectra of the bis triflato starting materials, strong bands 
derived from coordinated and ionic triflate are readily identifiable (see 
Figure 1.4.1). Ionic triflate displays bands at 1260, 1150, 1030, 635, 570 and 515 
cm -1, while bands for coordinated triflate occur at 1340, 1230, 1195, 1005 and 
625 cm- 1. The absence of the latter in the spectra of the products confirmed 
that substitution had taken place. 
The a-diimine ligands are readily distinguishable from one another in 
the infrared spectrum, despite their structural similarity, as the C=N and C=C 
stretching patterns 1n the region 1700-1400 cm-1 are markedly different in 
each case (Figure 1.4.1). Indeed, the mixed phen/bipy species, 
[Ir(b i p y) 2 (p hen)] 3 + and [Ir(phen)2 (bi p y)] 3 +, display bands characteristic of 
Figure 1.4.1. Infrared Spectra of Ir(a-diimine)2(CF3S03)2.CF3S03 (KBr disc) 
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both ligands in the appropriate intensity ratio, so that throughout the senes 
[Ir(bipy)n(phen)3-n]3+ (n = 0,1,2,3) a stepwise reduction in the intensity of 
the phen bands occurs with increasing n, accompanied by stepwise growth 
of bipy bands. Within the family of complexes [Ir(bipy)2A 2]n+, the bands 
originating from the vibrational modes of the Ir(bipy )2 fragment are almost 
identical. Bands from the unique ligand are effectively superimposed on this 
basic spectrum and are hence easily identifiable; for example, the C=O 
stretching bands in the spectrum of [Ir(bipy)2(acac)] 2+ occur at 1555 and 
1535 cm- 1, very close to the corresponding bands in the spectrum of 
Ir(acac)3 at 1550 and 1520 cm- 1. 
The spectrum of [Ir(bipy)2(py)2] 3+ contains several bands, absent for 
[Ir(bipy)3]3+ or [Ir(bipy)2Cl2]+, arising from the vibrations of coordinated 
pyridine. However, the pyridine C=N stretch is apparently coincident with 
the corresponding vibration for bipy in the same complex (VCN = 1610 cm- 1, 
see below). Remaining bands derived from the pyridine ligand can be 
classed, broadly, as arising from C-H motions or from ring modes. The 
vibrational spectrum of the pyridine molecule itself has been fully assigned 
[33] and it has been shown that most of the bands which occur for the free 
ligand can also be identified in spectra of transition metal pyridine 
complexes, as the frequencies do not shift substantially upon complexation to 
a metal centre. In 1979, Thornton et al. [34] established a useful guideline for 
determining whether a band should be assigned as C-H mode or ring mode, 
based on comparison of spectra for species containing deuterated and non-
deuterated pyridine. It was shown that the frequencies of the ring modes and 
C-H modes were affected to differing degrees by deuteration of the pyridine 
molecule. Larger shifts were observed for the C-H bands, such that (where 
vn = band frequency in deuterated material, VH = band frequency in 
protonated material) vo/vH = 0.68-0.85 for C-H modes, vo/vH = 0.85 - 1.00 for 
ring modes. During the course · of this study we had cause to synthesise the 
Table 1.4.1 Pyridine-Based Infrared Bands in Deuterated and Non-deuterated Materials (cm- 1). 
(C-H modes are underlined) 
pyridine ( d5)a pyridine (h5)a vo/vH [lr(bipy)2 (py)2 ]3 + [lr(bipy)2 ( d5-py )2 ]3 + vo/vH 
3050b 2250b 0.74 3100 2250 !L1l 
1580b 1535b 0.97 1610 1575 0.98 
1482 1340 0.90 C 1380 0.92 
1375 1322 0.96 1365 1335 0.98 
1218 908 ~ 1220 900 !L1l 
1068 833 !L1R 1070 C 
1029 1006 0.98 1020 980 0.96 
703 530 ~ 700 535 ~ 
a Reference [34] 
b Aldrich Catalogue of Infrared Spectra 
C Obscured 
~ 
+:>-
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deuterated analogue of [Ir(bipy)2(py)2] 3+, using d5-pyridine instead of 
regular pyridine, and were thus able to classify most of the pyridine-derived 
bands in the vibrational spectrum usmg this rule of thumb. In particular we 
located the vc N (d5-py) and thus confirmed our earlier assumption that this 
band is simply concealed by a coincident band · in the unlabelled pyridine 
complex. The band frequencies and assignments are listed in Table 1.4.1. The 
readiness with which the pyridine vibrations can be distinguished from 
those of the bipy ligand underlines the observation that the frequencies of 
the bipy modes in [Ir(bipy)2A 2]n+ do not differ visibly between complexes 
containing different "spectator" ligands A. 
N.M.R. Spectroscopy 
As a typical example, Figure 1.4.2A shows the 1 H n.m.r. spectra of 
[lr(bipy)2(acac)] 2+. The aromatic region comprises, for each complex 
[Ir(bipy)2A 2]+, four doublets and four triplets derived from coupling of the 
protons in the bipy ligand. In Figure 1.4.2A one doublet and one triplet 
overlap near 8.1 ppm. While the ligands are equivalent to each other, the cis 
geometry of the molecule removes the high symmetry prevailing for each 
ligand in [lr(bipy)3] 3 +, and thus the halves of each a-diimine ligand become 
inequivalent. A similar situation arises for the phen ligand in, for example, 
[lr(phen)2Cl2]+ [26] or [lr(phen)2(bipy)]3+. For most species [lr(bipy)2A2]n+ 
assignment of the remaining resonances, arising from A, was 
straightforward as these were confined to the aliphatic region and did not 
overlap with the bipy resonances (see Experimental section for 
assignments). However, the peaks ansing from the pyridine ligand in 
[lr(bipy)2(py)2] 3+ did fall amongst those for coordinated bipy. This problem 
was resolved by measuring the 1 H n.m.r. spectrum for the same complex 
Figure 1.4.2. 
A. 
lH and 13C N.M.R. Spectra of [Ir(bipy)2(acac)]2+ in 
CD30D 
acac Cfu 
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B. 
bipy carbons (10) 
acac{:H3 
acacCH 
200 40 ppm 0 
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containing deuterated (d5) pyridine, for which only the resonances of the 
bipyridyl ligand are observable. Comparing this spectrum with that of the 
non-deuterated sample established which peaks should be assigned to the 
protons of the pyridine ligand. 
The splitting patterns and associated coupling constants for the phen 
and bipy ligands are distinct and characteristic: [Ir(bipy )3] 3 + displays two 
doublets and two triplets while [lr(phen)3] 3 + displays one singlet, two 
doublets and one doublet of doublets. For the complexes containing both 
ligands, [Ir(bipy)2(phen)]3+ and [Ir(phen)2(bipy)]3+, it is clear which 
signals are derived from phen and which from bipy protons, when the 
symmetry requirements are taken into consideration (see Experimental for 
assignments). The 1 H n.m.r. spectrum of [Ir(phen)3]3+ has been reported 
previously [26]. 
13c n.m.r. spectra were also collected for each of the new complexes 
prepared. By its very nature the 13 C n.m.r. spectrum 1s first order, displaying 
just one resonance for each carbon atom, with no splitting of the signals. 
Because of this we found that the spectra were very useful 1n assessmg the 
purity of the samples, and of course the symmetry of the molecule is 
immediately confirmed by the number of signals observed (see Figure 
1.4.2B ). Although almost all of the resonances for these systems occur 1n the 
aromatic region, essentially every carbon signal is resolved. 
The chemical shifts of the l 3 C resonances can be a sensitive probe for 
the environment of the carbon atom. There was considerable controversy 
over the structure of the famous "rollover" complex [Ir(bipy)3 (H 20)] 3 +, until 
X-ray crystallographic analysis provided evidence that one of the bipyridyl 
ligands was C,N-bound rather than N ,N-bound [ 19]. Supporting evidence for 
this assignment was provided by 13c n.m.r. experiments which demonstrated 
that one of the quaternary carbons (the iridium-bound carbon) was in an 
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environment markedly different to that of the others, being substantially 
shifted upfield [35]. 
Having a series of complexes [Ir(bipy)2A 2]n+ we were interested in 
discovering whether the chemical shifts of the bipy resonances in the 1 3 C 
n.m.r. spectrum would be of any use in assessing the electronic influence of 
A. A necessary preliminary to this was, of course, to assign the peaks in the 
13 C n.m.r. spectrum. We are not aware that this has been done, and so we set 
out to assign the peaks for ourselves, using [Ir(bipy)2Cl2]+ as a model 
compound. 
Within each bipy ligand one rmg 1s trans to N (bipyridyl) and the 
other is trans to A. The numbering system for the ligand is shown in Figure 
1.4.3; carbons (and protons) in the ring trans to A are marked with a dash. 
Figure 1.4.3. 
3 3' 4' 
5' 
N\ J 6' 
/Ir" 
A N(bipy) 
The l 3c resonances were assigned by 2-D n.m.r., using the the HETCOR 
technique to determine the correlations between the peaks in the 1 H n.m.r. 
spectrum and the carbon signals. Prior to this it was necessary to fully assign 
the 1 H n.m.r. spectrum in the· same solvent, by obtaining a COSY spectrum of 
I 
[Ir(bipy)2Cl2]+. This technique correlates the 1H spectrum with itself, using 
the splittings within the multiplets to establish which of the ten distinct 
protons are coupled to which. The assignment of the 1 H spectrum of 
Ir(bipy)2Cl2.Cl using this method has been achieved previously [36]. 
The HETCOR spectrum and the 1 H and 13 C assignments are shown 1n 
Figure 1.4.4. The peaks at 159.50 ppm and 159.28 ppm are absent in this 
Figure 1.4.4. HETCOR Spectrum of lr(bipy)2Cl2.CF3S03 
in CD30D 
Table 1.4.2. 13c Shifts for lr(bipy)2A2.(CF3S03)0 in CD30 D 
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8.0 
Complex Carbon Resonances (bipy) 
2 2' , 6, 6' 4, 4' 5, 5' 3, 3' 
A2 = phen 158.30 158.02 152.70 152.47 144.82 1#.65 131. 79 131. 72 128.36 
A= PY 158.41 158.11 152.94 152.74 144.62 144.01 132.04 132.00 128.24 127.85 
A=CH3CN 158.93 158.73 154.46 152.79 143.83 143.07 130.41 129.73 127.20 126.67 
A2 = acac 159.72 159.19 154.31 150.94 144.16 143.23 130.61 130.00 127.12 126.80 
A=Cl 159.50 159.28 152.56 151.93 142.54 141.90 129.66 129.59 126.17 
7 .0 
....... 
'° 
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spectrum as these correspond to the (quaternary) bridgehead carbons and 
lack 1 H correlation. Resonances occur in five pairs, showing that the 
splitting caused by the departure from D3 symmetry ([Ir(bipy)3] 3+ shows 
only 5 1 3 C signals) is not great enough for the signals of different parentage 
to overlap or to cross over as they can do in the 1 H spectrum. Indeed, the 
signals for carbon atoms in the 5 ,5 ' - and 3 ,3 ' - positions are not resolved from 
one another, though this situation does not come about for any of the other 
bis ( bipyridyl) complexes studied here. 
The closeness of the resonances for the 6 and 6' carbon atoms contrasts 
sharply with the shifts observed in the 1 H spectrum for the protons bound to 
these carbons. This is generally attributed to a through-space interaction of 
the 6 and 6' protons with their respective neighbouring ligands while the 
remaining protons are more isolated. The H6 atom lies close to A whereas H6' 
(in the ring trans to A) lies over N (of the other bipy). Thus the downfield 
shift of the H6 resonance is due not to electronic effects associated with A, 
transmitted through the iridium centre, but to its proximity in space to A. The 
lack of a similar shift in the 13 C resonance for the C6 carbon therefore 
becomes understandable. 
The l 3 C resonances for the bipy ligands in each of the complexes are 
listed, with assignments, in Table 1.4.2. As observed in the 13 C spectrum of 
[Ir(bipy)2Cl2]+, the resonances occur in pairs. The assignments have been 
based on the assumption that the order in which the signals for the different 
carbon atoms occur is the same as found for [Ir(bipy)2Cl2]+. 
We find that the 13c resonances do shift on varying the nature of A, 
but that the shifts are generally very marginal, of the order of only 1 ppm 
between complexes. 
For [Ir(bipy)2(phen)] 3+ and [Ir(phen)2(bipy)]3+ the resonances of 
the bipy an~ phen ligands are intermingled in the aromatic region of the 
spectrum. These can be distinguished readily by comparison with the spectra 
Figure 1.4.5. 
[Ir(bipy )3]3+ 
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13C N.M.R. Spectra of [Ir(bipy)n(phen)3-n]3+ in CD3OD 
(n = 0,1,2,3) 
[Ir(bi py )2(phen)] 3+ 
[Ir(phen)2(bipy)]3+ 
I I i I I I I I I I I I 
14!5 140 13!5 
[Ir(phen)3]3+ 
I I I I I I I I I I I I I I 
I O 145 140 
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of the tris complexes, [Ir(bi py )3] 3 + and [Ir(phen)3] 3 +, as we observe very 
little shift in the peaks for a given carbon atom throughout the series 
[Ir (bipy)n(phen)3. 0 ] 3+ (Figure 1.4.5) . This 1s perhaps not surprising m view 
of the established electronic similarity of bipy and phen. Where the 
symmetry within a bipy or phen ligand is lower than occurs 1n the homo-tris 
chelates, the signals for these carbon atoms become slightly split, though 
usually by less than 0.5 ppm. 
U.V./Visible Absorption Spectra 
The spectrum of [Ir(bipy )3] 3 + is dominated by strong, ligand-centred 
1t1t* bands above 30000 cm- 1, the region between 10000 and 28000 cm- 1 being 
featureless. This turns out to be the case for almost all of the bis complexes, 
[Ir(bipy )2A 2] 3+, which give closely matching spectra. Extra features were 
observed for [Ir(bipy)2(acac)] 2+ for which a weaker band 
(e ca. 2600 mo1-l1cm·l ) is found at 27000 cm·l. A comparable band manifold 
occurs in the spectrum of Ir(bipy)2Cl2+, of similar energy (26000 cm· 1) and 
intensity (e ca. 2700 mol· 1lcm· 1 ). The lowest energy transition for the 
dichloro complex has been established as charge transfer from Ir(III) to 
bipy 1t * [37], as the chloride ligands destabilise the metal d1t levels 
sufficiently so that they now lie above the 1t levels of bipy instead of below, 
which is the case for [Ir(bipy )3] 3 +. From the similar appearance of the 
spectra in the visible region, it appears that a comparable electronic 
situation is brought about on replacement of bipy with acac, which is also 
negative and a potential 1t-donor 1 igand. 
Although bipy and phen are often considered to be electronically 
indistinguis~able, the spectra of [Ir(bipy )3] 3 + and [Ir(phen)3] 3 + are clearly 
quite different (Figure 1.4.6). The spectra of the mixed ligand complexes 
Figure 1.4.6. 
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[Ir(bipy)2(phen)]3+ and [Ir(phen)2(bipy)]3+ display features of both homo-
tris chelates, so that throughout the series [Ir(bipy)n(phen)3-n] 3+ the 
absorption spectra are approximately additive, with phen-derived transitions 
becoming more dominant with decreasing n (Figure 1.4.6). This additivity of 
the spectral features is paralleled in the electronic spectra of the series 
[Rh(bipy)n(phen)3-n] 3+ [38,39] and [Ru(bipy)n(phen)3-n] 2+ [39,40]. The 
spectrum of each rhodium species closely matches that of the iridium 
complex with the same value of n, since the spectra are composed largely of 
ligand-centred 1t1t * transitions, while charge-transfer bands complicate the 
visible region for the Ru(II) chelates. 
Preliminary Characterisation of [lr(bipy)2(biquin)]3 + 
In addition to the 9 new complexes which have been fully 
characterised, another interesting species was obtained which awaits 
definitive structural characterisation. This is believed to be 
[lr(bipy)2(biquin)] 3+. The structure of the ligand is shown in Figure 1.1.1. 
The reaction of Ir(bipy)2(CF3SO3)2.CF3SO3 with a 10-fold excess of 
2,2 '-biquinoline in ethanol gave, after treatment of the product solution with 
aqueous NaPF6, an off-white solid in around 20% yield (assuming all material 
is the desired product, lr(bipy)2(biquin).(PF6)3). The microanalysis for this 
solid, calculated for IrC3gH2sN6P3F1g, was very poor, with the carbon figure 
being particularly low. However, the infrared spectrum showed that no 
triflate was present, either in ligated or 1on1c form, and bands typifying the 
ili-lr(bipy)2 moiety were preserved at 1610, 1470, 1450, and 1320 cm- 1. A new 
band, which does not appear in the spectrum of [lr(bipy)2(CF3SO3)2]+, was 
present at 2090 cm- 1, the region in which C=C triple bond or cumulated 
double borid stretches occur. The free biquin ligand also displays bands 1n 
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this reg10n, at 1980 and 1940 cm- 1 : the fact that there are two in this case may 
reflect the trans geometry of the free ligand, whereas coordinated biquin 1s 
restrained to cis geometry. There was no evidence in the infrared spectrum 
of the product for contamination by unreacted biquin. 
Voltammetric analysis, in CH3CN, showed that the complex undergoes 
reduction at -0.26 V; 0.43 V before the first reduction of [lr(bipy)3] 3+ at 
-0.69 V. It has been established that coordinated biquin is reduced at less 
negative potential than coordinated bipy. The first reduction of 
[Ru(bipy)2(biquin)]2+ occurs 0.45 V before that of [Ru(bipy)3] 2+, and 
spectroelectrochemical studies show that the biquinoline ligand is reduced 
first [ 41]. The difference of 0.45 V is very close to the shift we see between 
the first reduction potentials of the new species and [lr(bipy )3] 3 +, which 
strongly suggests that biquin has coordinated to the lr(III) centre. The 
second reduction of the unknown material appeared at -0.77 V, a reasonable 
value for the first bipy0 /- reduction of [lr(bipy)2(biquin-)]3+, but this was 
followed by another 7 peaks, indicating either that the bipyridyl reductions 
are irreversible and daughter products have been formed, or that the 
material is not pure. 
This reaction was repeated in isobutanol, as biquin 1s more soluble in 
this medium, and the product obtained in this way gave a better elemental 
analysis, with acceptable H ·and N figures (2.4% and 6.9% vs. calculated 2.4% 
and 7.0% respectively), but the C figure was still unacceptably low (32.2% vs . 
38.2%). The infrared spectrum of this material was identical to that of the 
product obtained from ethanol. 
Infrared and voltammetric data provide compelling evidence that we 
have prepared [lr(bipy)2(biquin)]3+, but the analytical data show that there 
1s some degree of contamination, or that we have inefficient C combustion. 
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SECTION 1.5 X-RAY CRYSTAL STRUCTURE OF lr(bipy)2(acac).(PF6)2 
There have been very few X-ray crystallographic studies performed 
on a-diimine complexes of iridium (III). Having crystals of 
Ir(bipy)2(acac).(PF6)2, the first example of an iridium(III) complex 
containing both acac and bipy ligands, we took the opportunity to determine 
its crystal and molecular structure. 
Experimental: Crystals of the hexafluorophosphate salt were obtained by 
metathesis of lr(bipy)2(acac).(CF3SO3)2 with NH4PF6. The triflate salt of the 
complex was dissolved in CH3CN, and to this pale yellow solution was added a 
concentrated aqueous solution of NH4PF 6- As the acetonitrile evaporated, 
under atmospheric conditions, Ir(bipy)2( ac ac). (PF 6)2 crystallised as small 
yellow pnsms. These were collected by filtration, washed with a little H2O and 
dried in air. 
lr(bipy)2(acac).(PF6)2 crystallised in the space group C2/c with four 
molecules in the unit. The final R-value was 0.035 for 2106 observed 
reflections. 
Figure 1.5.1 displays an ORTEP drawing of the complex, with thermal 
ellipsoids represented at 50% probability. Iridium is coordinated to 4 x N 
atoms and 2 x O atoms in a distorted octahedral environment. Selected bond 
lengths and bond angles are shown in Table 1.5 .1. 
The Ir-N distances are 2.027(8) and 2.042(5) A when trans to O or N 
respectively; however, when the e.s.d's are considered, there can be no 
meaningful distinction between these two values. In Ir(bipy)3(ClO4)3, the 
Ir-N bond lengths range from 2.000 to 2.032 A (e.s.d. 's 0.015 - 0.019) [42] and 
these compare reasonably well with our values. There has also been a crystal 
structure analysis performed on a species containing C-metallated bipyridyl, 
Figure 1.5.1. 
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ORTEP Drawing Showing Molecular Structure of 
[Ir(bipy )2 ( acac)] 2+ 
(Thermal ellipsoids represented at 50% probability) 
C7 
Table 1.5.1. Selected Bond Lengths (A) and Angles (0 ) for 
Ir(bipy )2 ( acac). (PF 6)2 
Ir-N(l) 2.027(8) Ir-N(2) 2.042(5) 
Ir-O(1) 2.032(6) N(l)-C(l) 1.332(9) 
N(l)-C(5) 1.367(10) N(2)-C(6) 1.352(13) 
N(2)-C(10) 1.335(11) O(1)-C(ll) 1.300(10) 
C(l)-C(2) 1.367(18) C(2)-C(3) 1.366(18) 
C(3)-C(4) 1.366(16) C(4)-C(5) 1.370(19) 
C(5)-C(6) 1.464(12) C(6)-C(7) 1.379(11) 
C(7)-C(8) 1.380(18) C(8)-C(9) 1.353(20) 
C(9)-C(10) 1.373(11) C(l l)-C(12) 1.496(16) 
C(l l)-C(13) 1.369(12) 
N(l)-Ir-N(2) 80.3(3) N (1 )-Ir-O(1) 175.2(2) 
N(l)-Ir-N(l)' 91.2q) N(l)-Ir-N(2)' 98.1(3) 
N(l)-Ir-O(1)' 87.4(3) N(2)-Ir-O(1) 95.3(2) 
N(2)-Ir-N(2)' 177.7(3) N(2)-1r-O(1)' 86.3(2) 
O(1)-Ir-O(1)' 94.4(2) Ir-N(l)-C(l) 125.6(6) 
Ir-N(l)-C(5) 113.9(6) C(l)-N(l)-C(5) 120.4(9) 
Ir-N(2)-C(6) 115.1(4) Ir-N(2)-C(10) 125.3(6) 
C(6)-N(2)-C(l0) 119.5(6) Ir-O(1)-C(l l) 121.9(7) 
N(l)-C(l)-C(2) 121.9(8) C(l )-C(2)-C(3) 118.7(9) 
. 
C(2)-C(3)-C(4) 119.4(15) C(3)-C( 4 )-C(5) 121.2(11) 
N(l)-C(5)-C(4) 118.4(7) N(l)-C(5)-C(6) 116.2(9) 
C(4)-C(5)-C(6) 125.3(8) N(2)-C(6)-C(5) 114.3(6) 
N(2)-C(6)-C(7) 121.1(9) C(5)-C(6)-C(7) 124.6(11) 
C( 6)-C(7)-C(8) 118.3(12) C(7)-C(3)-C(9) 120.3(8) 
C(8)-C(9)-C( 10) 119.4(10) N(2)-C(10)-C(9) 121.4(10) 
O(1)-C(l 1)-C(12) 114.2(9) O(1)-C(l 1)-C(13) 125.7(9) 
C(12)-C(l 1)-C(l3) 120.1(8) C(l 1)-C(13)-C(l l)' 130.5(10) 
* 
Primes indicate atoms transformed by the symmetry operation (-x,y,0.5-z). 
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Ir(bipy)2(bipy-C,N)(ClO4)3.H2O, for which Ir-N lies between 2.036 and 2.045 A 
(e.s.d. = 0.007) when trans to N [19,42]. Bands opposite to coordinated C are 
lengthened, indicating a strong trans effect associated with the C-atom. The 
Ir-N distances in this "rollover" complex match our own figures for 
Ir(bipy)2(acac)(PF6)2 more closely than the figures for Ir(bipy)3(ClO4)3 do, 
possibly because C-metallated bipy contains a formally anionic C-donor atom. 
All other structural dimensions for the bipy ligand in 
Ir(bipy)2(acac).(PF6)2 are in good agreement with the appropriate 
parameters for Ir(bi py )3 ( C 10 4) 3. C-C bond lengths in the dication lie between 
1.353(20) A and 1.380(18) A, compared to the range of 1.29 - 1.41 (e.s.d.'s 0.02 -
0.03) A observed for Ir(bipy)3(ClO4)3, and the corresponding C-C distances 
for the bridgehead carbons are, respectively, 1.464(12) A and 1.42 - 1.4 7 A 
(e.s.d. 's 0.02 - 0.03) . In the tris complex, the interligand N-Ir-N angles range 
from 85.7° to 90.7° and from 94.8° to 99.2°, with intraligand angles between 
78.5° and 79.1° (e.s.d's 0.06 - 0.08). The corresonding interligand angles in 
lr(bipy)2(acac).(PF6)2 are 91.2(3)0 (N(l)-N(l ')) and 98.1(3)0 (N(l)-N(2')), and 
the intraligand angle is 80.3(3)0 . These are all only slightly larger than the 
angles in lr(bipy)3(ClO4)3. 
The acac ligand is approximately planar, with a maximum deviation 
from the plane of 0.014 A. The iridium atom is also contained in this plane. 
The Ir-O distance of 2.032 A closely matches the figure of 2.021(3) A 
determined for Ir(COD)(acac)Cl2 [43], and other bond lengths and angles are 
also very similar for acac in the two complexes. 
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SECTION 1,6 EXPERIMENTAL DETAILS 
Materials and Methods 
All solvents used were analytical grade, unless otherwise stated, and 
were used as supplied, without further purification. 2,2'-bipyridyl, 1, 10-
phen an thro line, 4 ,4' -dim ethy 1-2 ,2 '-bi py ridy 1, 5 ,6-dimethy 1-1, 10-
phenanthroline and 2,2'-biquinoline were purchased from the Aldrich 
Chemical Company. Trifluoromethanesulphonic acid was vacuum-distilled 
prior to use (b.p. 50°C, 10 mm Hg). Na2IrCl6.6H2O was obtained by 
neutralisation of H2IrCl6 (Degussa A.G.) with NaOH, in aqueous solution. The 
product solution was taken to dryness to give the desired product as a black 
powder. This material was tested for purity by u. v. visible spectroscopy 
(bands occurred at 16500, 20500 and 24500 cm- 1, in agreement with the 
published spectrum [ 44]) and used without further purification. 
Infrared spectra were measured on a Perkin-Elmer 683 infrared 
spectrophotometer, and a Perkin-Elmer A.9 u.v./vis/n.i.r. spectrophotometer 
was used to collect absorption spectra. N.m.r. spectra were run on either a 
Varian Gemini 300 or a Varian XL200E spectrometer. 
Some complexes were recrystallised as their hexafluorophosphate salt. 
The triflate salt of the complex was dissolved in acetonitrile or acetone and 
treated with an equal volume of aqueous NH4PF 6. Partial evaporation of the 
organic solvent under a stream of nitrogen resulted in precipitation of the 
complex as the pure PF6- salt. The solid was collected by filtration, washed 
with water and dried in vacuo. Yields and purity were high. 
Analytical data for all of the a-diimine complexes discussed m this 
Chapter are tabulated at the end of the Section (Table 1.6.1). 
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Infrared spectra were measured for complexes as their triflate salts 
unless stated otherwise, and were all collected in KBr pellets. Only strong 
bands are listed, in cm- 1. 
Absorption spectra are listed 1n cm- 1, with the molar extinction 
coefficients 1n parentheses. 
N.m.r. resonances are listed 1n ppm, with the multiplicity and 
integration (for the 1 H spectra) following in parentheses. 
Synthesis and Routine Characterisation 
lr(bipy)2Cl2.CI. This was prepared by the method of Watts, Harrington and 
Van Houten [16]. Na2IrCl6.6H2O (5.7g) and 2,2'-bipyridyl (14g) were heated at 
greater than 200° C in glycerol ( 60 ml) for 2 hours. The cool product solution 
was diluted with H2O (60 ml), and the red/brown mixture was then extracted 
with diethylether (3 x 30 ml) to remove excess bipyridyl. The resulting 
solution was stored overnight at O - 5° C, during which time a yellow solid 
precipitated. This solid was collected by filtration and recrystallised from a 
minimum volume of boiling methanol, to give Ir(bipy)2Cl2.Cl as a yellow 
crystalline solid (1.5g). Yield = 24%. 
It was possible to obtain a higher yield of the product after 
chromatography (which allows removal of the glycerol), but this was not 
generally performed. Sample purity was of the utmost importance, rather 
than percentage yield as the electrochemical and spectroscopic 
measurements detailed in Chapters 2, 3 and 4 are very sensitive to the 
presence of. contaminants. 
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Jr(phen)2Cl2.Cl, lr(Me2bipy)2Cl2.Cl and lr(Me2phen)2Cl2.Cl: These were 
produced similarly, by reaction of N a2I rC16. 6 H2 0 with 1, 10-phenanthroline, 
4,4'-dimethylbipyridyl and 5,6-dimethylphenanthroline respectively. 
However, none of these ligands are freely soluble in diethylether, so the 
extractions were performed using CHCl3. This sometimes caused problems as 
occasionally the phases did not separate efficiently. In this case, the entire 
contents of the separating funnel were cooled overnight, and the desired 
product could then be collected by filtration as usual. 
This route gave an extremely low yield of Ir(Me2phen)2Cl3 (ca. 2%). A 
better yield was obtained following the method of Broomhead and Gromley 
[9], and the product isolated in this way was used for synthetic purposes in 
the usual way. 
The metathesis was performed according to the method 
of Sullivan and Meyer [27]. Ir(bipy)2Cl2.Cl (1.7g) was stirred in CH3CN (400 
ml); some solid material remained in suspension, though most dissolved to 
give a bright yellow solution. CF3S O3H (60 drops) was added slowly to the 
stirred suspension, whereupon the remaining solid dissolved. This solution 
was stirred at room temperature for 30 minutes, before the volume was 
reduced to 25% on a rotary evaporator. The yellow solid which had appeared 
was collected by filtration, washed with CH3CN (2 x 5 ml) and dried in vacuo 
(80°C, 2 hours), giving lr(bipy)2Cl2.CF3SO3 (1.6g). Yield = 80%. This material 
was used for synthetic purposes without further purification. The complexes 
Ir(phen)2Cl2.CF3S 03, lr(Me2bipy)2Cl2.CF3S 03, and Ir(Me2phen)Cl2.CF3S 03 
were prepared in an identical manner and in similar yields. 
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This was prepared according to the method of 
Sullivan and Meyer [26]. Ir(bipy)2Cl2.CF3SO3 (1.6g) was stirred in 
dichlorobenzene (40 ml). To this was added, slowly, CF3SO3H (4.6 ml), g1vmg a 
greenish, two-phase solution. The solution was heated at reflux for 2 hours, 
then allowed to cool. Decanting the product solution into diethylether (150 
ml) caused a pale green, finely-divided powder to be deposited. This powder 
was washed with copious amounts of ether and air-dried, to give 
Ir(bipy)2(CF3S 03)3 (1.87g). Yield = 88%. 
The new complexes Ir(phen)2(CF3SO3)3, Ir(Me2bipy)2(CF3SO3)3, and 
Ir(Me2phen)2(CF3SO3)3 were prepared in an identical manner. Yields for 
the methylated complexes were somewhat lower (ca. 50%) 
Infrared spectrum: 
Infrared spectrum: 
3130, 3000, 1610, 1475, 1455,, 1340, 1280, 1260, 1230, 
1200, 1160, 1030, 990,770,725,635,625,570,515 cm- 1 
3100, 3060, 1435, 1340, 1260, 1245, 1200, 1170, 1030, 
1000, 845, 715, 635, 515 cm-1. 
Ir(Me2bipy)2(CF3S O3)2. CF3S 03. 
Infrared spectrum: 3080, 1620, 1485, 1450, 1345, 1330, 1235, 1190, 1160, 
I 
1030, 990, 970, 825, 645, 635, 515 cm- 1. 
Ir(5 ,6-Me2phen)2(CF3S O3)2.CF3S 03 
Infrared spectrum: 3080, 1620, 1605, 1585, 1480, 1430, 1340, 1260, 1230, 
1195, 1155, 1030, 1005, 845, 810, 750, 715, 625, 635, 
570, 515 cm-1. 
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lr(bipy )2(CH3CN)2 .(CF3S O 3 )3. 
dissolved in CH3CN (10 ml). The pale green solution was placed under an 
atmosphere of nitrogen and heated at reflux, with stirring, for 22 hours. 
Addition of ether to the cool, pale yellow final solution gave a fin.ely-divided 
white precipitate. The solid was collected by filtration, washed copiously with 
ether and air-dried, to give Ir(bipy)2(CH3CN)2.(CF3S 03)3 (140 mg). 
Yield = 86%. 
Infrared spectrum (PF6- salt): 3140, 3100, 2490, 1920, 1905, 1615, 1475, 1455, 
1250, 840, 765, 725, 555 cm-1. 
1 H n.m.r.; o(ppm): 
(CD3)2CO 
l3c n.m.r.; o(ppm): 
(CD3OD) 
9.70 (d, 2H), 9.03 (d, 2H), 8.88 (d, 2H), 8.78 (t, 2H), 
8.44(t, 2H), 8.26(t, 2H), 8.05 (d, 2H), 7.70 (t, 2H), 
2.80(s, 6H: CfuCN) 
158.93, 158.73, 154.46, 152.79,143.83, 143.07, 
130.41, 129.73, 127.20, 126.67, 58.66 (CH3.C,N), 
19.87 (~H3CN). 
u.v./visible spectrum, CH3CN: 31600 (29500), 32700 (29100), 41000 (38300), 
48200 (43400) 
Ir(bipy)2(py)2.(CF3S03)3. Ir(bipy)2(CF3SO3)2.CF3SO3 (100 mg) was dissolved 
as far as possible in pyridine (5 ml), giving a cloudy yellow solution. This 
solution was. placed under a nitrogen atmosphere and heated at reflux. All 
solid material dissolved within 30 minutes, and the yellow colour of the 
, 
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solution faded slightly. After 22 hours, the now pale brown solution was 
allowed to cool. Dropwise addition of ether, with rapid stirring, gave a pale 
beige precipitate, which was collected by filtration, washed with ether and 
dried in vacuo (80°C, 2 hours). Weight of product = 94 mg (yield = 81 %) 
Infrared spectrum (PF6 - salt): 3660, 3130, 3100, 1705, 1615, 1470, 1455, 1250, 
1220, 1070, 1020, 835, 760, 730, 700, 555 cm- 1. 
lH n.m.r.; o(ppm): 9.164 (d, 2H), 8.88 (d, 2H), 8.80 (d, 2H), 
(CD3OD) 8.66 (m; t, 2H + d ,4H), 8.46 (t, 2H), ~ (t, 2H), 8.24 (t, 2H), 
8.21 (d, 2H), 7 .87 (t, 2H), LJ.J. (t, 4H). 
13c n.m.r. (ppm): 158.41, 158.11, 153.95. 152.94, 152.74, 145,01, 144.62, 144.01, 
(CD3OD) 132.04, 132.00, 130.36. 128.24, 127.85. 
(pyridine resonances are underlined in the 1 H and 13 C n.m.r. spectra). 
u.v./visible spectrum (CH3CN): 31300 (30000), 32600 (27400), 40000 (41000). 
lr(bipy)2(d5-py)2.(CF3S03)3. This was prepared in the same way as 
Ir(bipy)2(py)2(CF3SO3)3, .using d5 pyridine (Aldrich 99%D). 
Infrared spectrum (PF6- salt): 3140, 3100, 2250, 1615, 1575, 1470, 1455, 1335, 
1250, 980, 830, 760, 735, 555, 535 cm- 1. 
1 H n.m.r. spectrum; o(ppm): 
(CD3CN) 
8.84(d), 8.57(d), 8.48(d), 8.47(t), 8.23(t), 
8.06(t), 7.89(d), 7 .68(t). 
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u. v ./visible spectrum, CH3 C N: 2 9600 (1600), 31300 (29700), 32600 (27300), 
40000 (40900) 
Ir(bipy)3(CF3S03)3. Ir(bipy)2(CF3SO3)2.(CF3SO3) (52 mg) and 2,2'-bipyridyl 
(165 mg, twentyfold excess) were stirred in ethanol (5 ml). Most of the 
complex remained undissolved. The stirred suspension was placed under a 
nitrogen atmosphere and heated at reflux for 4 hours. All solid material 
dissolved during the first 45 minutes, giving an orange solution. The colour 
faded over the next 3 hours, and the final product solution was pale yellow. 
This solution was allowed to cool, then the dropwise addition of ether caused 
the precipitation of a pale beige coloured solid. The solid was collected by 
filtration, washed with ether and air-dried, to give Ir(bipy)3 ( CF3 SO 3)3 ( 4 9 
mg). Yield of product = 81 %. 
Infrared spectrum: 3010, 1610, 1455, 1325, 1250, 835, 765, 555 cm-1. 
1 H n.m.r. (CD3OD); o(ppm) 9.01 l(d, 6H), 8.56(t, 6H), 8.015(d, 6H), 7.87(t, 6H). 
13c n.m.r. (CD3OD); o(ppm): 157.93, 152.41, 144.80, 131.83, 128.46. 
u.v./visible spectrum, CH3CN: 29800 (3000), 31400 (42000), 32700 (40100), 
39900 ( 48200), 4 7300 (55600). 
lr(bipy)2(phen).(CF3S03)3. Ir(bipy)2(CF3SO3)3 (100 mg) and 
1,10-phenanthroline (390 mg, twentyfold excess) were stirred in ethanol (10 
ml). The pale green iridium complex remained largely in suspension. The 
mixture was heated at reflux, with stirring, under an atmosphere of 
nitrogen. Within 1 hour, all solid material had dissolved and the solution had 
developed a deep claret colour. This colour faded to orange/brown. After 22 
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hours, the solution was allowed to cool, and the pale beige-coloured product 
was precipitated by dropwise addition of diethylether. The solid material was 
collected by filtration, washed with ether and air-dried, to give 
Ir(bipy)2(phen).(CF3S 03)3 (75 mg). Yield = 63%. 
Infrared spectrum (PF6- salt): 3660, 3130, 3100, 1610, 1520, 1500, 1450, 1435, 
1 H n.m.r.; o(ppm): 
(CD3OD) 
13c n.m.r.; o(ppm): 
(CD3OD) 
1320, 1250, 760, 555 cm-1. 
9 .17 (d, 2H), 9.05 (d, 2H), 9.00 (d, 2H), 8.62 (t, 2H), 
.8..2.8_ (s, 2H), 8.50 (t, 2H), LI]. (d, 2H), 8.18 (dd, 2H), 
8.12 (d, 2H), 7.92 (t, 2H), 7.80 (d, 2H), 7.68 (t, 2H). 
158.30, 158.02, 153.80. 152.70, 152.47.148,08. 144.82, 
144.65, 144.08. 134.40. 131.79, 131. 72, 130. 84, 129.39, 
128.36 (2 resonances) 
(phen resonances are underlined in the 1 H and 1 3 C n.m.r. spectra) · 
u.v./visible spectrum, CH3CN: 28300 (1950), 31400 (32300), 32800 (34300), 
36200 (36800), 40500 (40000), 43400 (43700). 
lr(bipy)2(acac).(CF3S03)2. lr(bipy)2(CF3SO3)2.(CF3SO3) (54 mg) was stirred 
in ethanol (5 ml), most material remaining undissolved. AcacH (99+%, 0.5 ml) 
was added to this suspension, which was then placed under an atmosphere of 
nitrogen and heated at reflux. After 1 hour, all solid had dissolved and the 
solution was deep yellow in colour. No further change occurred, so after a 
total of 3 hours at reflux, the product solution was allowed to cool. Dropwise 
addition of ether to the final solution produced a lemon-yellow precipitate. 
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This was collected by filtration, washed with ether and dried in vacuo (100°C, 
2 hours), to give Ir(bipy)2(acac).(CF3S 03)3 (42 mg). Yield = 82%. 
Infrared spectrum (PF6- salt): 3125, 3095, 1610, 1555, 1535, 1470, 1455, 1390, 
1 H n.m.r.; o(ppm): 
(CD3OD) 
13c n.m.r. ; o(ppm): 
. 1 1320, 1285, 1030, 835, 765, 725, 650, 555 cm- . 
8.95(d, 2H), 8.86(d, 2H), 8.72(d, 2H), (8.62, t, 2H), 
8.38(t, 2H), 8.1 l(m, 4H), 7.68(t, 4H), 
5.99(s, lH; acac C!!), 2. l0(s, 6H; acac Cfu). 
159.72, 159.19, 154.31, 150.94, 144.16, 143 .23, 130.61, 
130.00, 127.12, 126.80, 104.25 (acac C.H), 
27.18 (acac C.H3). 
u.v./visible spectrum, CH3CN: 20800 (6), 22450 (70), 24000 (280), 27500 (2660), 
31700 (54900), 32800 ( 49200), 40600 (64400). 
Ir(bipy)2(en).(CF3S03)3. Ir(bipy)2(CF3SO3)2.CF3SO3 (200 mg) was stirred in 
ethanol (10 ml), giving a suspension of the pale green complex. On addition 
of ethylenediamine (lab. reagent, 0.24 ml), the liquid in the flask turned 
bright orange/yellow, although most of the solid material remained 
undissolved. The suspension was placed under an atmosphere of nitrogen and 
heated at reflux for 20 hours. Within 1 hour, the solution was clear and deep 
claret coloured, but the final product' solution was a clear yellow/brown 
colour. 
Addition of diethylether to the cool product solution produced an oily 
residue around the walls of the flask. The supernatant solution was decanted 
into a fresh .flask, sealed, and left to stand overnight (A). Ethanol (ca. 2 ml) 
was added to the oily residue, giving a yellow solution, and this was also 
sealed and left overnight at room temperature (B). 
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Both flasks contained a pale yellow solid after approximately 12 hours. 
These products were treated in the same way; the precipitate was collected by 
filtration, washed with ethanol (2 x 1 ml) and then liberally with 
diethylether and air-dried, giving A (28 mg) and B (61 mg) as pale yellow 
powders. Infrared spectroscopy revealed A and B were the same material, and 
so the batches were combined. Total yield = 44%. 
Infrared spectrum (PF6- salt): 3300, 3260, 1610, 1455, 1320, 1170, 840,. 760, 
lH n.m.r.; o(ppm): 
(CD3CN) 
l3c n.m.r.; o(ppm): 
(CD3CN) 
555 cm- 1. 
9.0l(d, 2H), 8.69(d, 2H), 8.52(m, 4H), 8.18 (t, 2H), 
8.08(t, 2H), 8.58(d, 2H), 7.48(t, 2H), 
5.78 (s,br., 2H; en NH2), 5.20(s,br., 2H; en Nfu), 
2.92(s,br., 2H; en CH 2), 2.83(s,br., 2H; en Cfu). 
158.94, 157.62, 152.66, 152.38, 144.08,142.75, 131.06, 
129.88, 127.30, 126.38, 47.84 (en Cfu). 
u. v./visible spectrum, CH3 C N: 29600 (2300), 31400 (23750), 32600 (23800), 
39800 (31000), 47600 (27200). 
lr(phen)3(CF3SO 3)3 
1, 10-phenanthroline (840 mg) were heated together, at reflux, in ethanol (20 
ml), under an atmosphere of nitrogen. All of the solid material dissolved, 
giving a clear, pale green solution. After 10 minutes at reflux, the solution 
became yello_w, and this colour deepened through orange to a strong claret 
colour, before fading again to orange. After 6 hours, the solution was allowed 
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to cool, and a pale crystalline precipitate formed. This was collected by 
filtration, washed liberally with CHCl3 to remove excess ligand, and then with 
diethylether and air-dried, giving Ir(phen)3 ( CF3 SO 3)3 as a beige coloured 
powder (90 mg). Dropwise addition of diethylether to the filtrate caused 
precipitation of more pale complex, which was isolated in the same way as 
the first batch, giving a further 54 mg of Ir(phen)3(CF3S 03)3. Total yield = 
60%. 
Infrared spectrum: 3060, 1520, 1500, 1435,1415, 1260, 1220, 1150, 
1025, 840, 735, 715, 635, 515 cm- 1. 
1 H n.m.r. spectrum; o(ppm): 9.13 (d, 6H), 8.58 (s, 6H), 8.27 (d, 6H), 8.04 (dd, 6H) 
(CD3OD) 
l3c n.m.r. spectrum; o(ppm): 154.11, 148.58, 143.92, 134.31, 130.76, 129.20. 
(CD3OD) 
u. v./visible spectrum, CH3 C N): 28200 (5100), 29600 (5600), 31300 (sh), 33200 
(26000), 36400 (81600), 44800 (86900). 
lr(phen)2( bipy )(CF 3S O 3 )3. 
2,2 '-bi pyridine (700 mg) were dissolved together in ethanol (202 ml), giving 
a clear pale green solution. The solution was placed under an atmosphere of 
nitrogen and heated at reflux for 6 hours. During this time, the colour of the 
solution changed firstly to yellow, then through orange and back finally to 
yellow. On cooling, a small amount of a yellow solid precipitated. This solid, 
weighing 12 . mg after drying, contained no coordinated bipy or triflate. 
Addition of diethylether to the filtrate, dropwise, with stirring, produced a 
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pale beige coloured precipitate which was collected by filtration, washed 
liberally with diethylether and air-dried (110 mg). The spectrum of the major 
product contained bands diagnostic of phen and bipy and of ionic CF3 SO 3 -, 
and showed no coordinated triflate was present. Further characterisation 
(below) proved this complex was the correct material. Final yield of 
lr(phen)2(bipy).(CF3SO3)3 = 48%. 
Infrared spectrum: 
1 H n.m.r. spectrum; S(ppm): 
(CD3OD) 
3470, 3100, 3060, 1610, 1520, 1455, 1440, 1260, 1220, 
1150, 1030, 850, 765, 715, 635, 570, 515 cm-1. 
2.:,2.1 (d, 2H), 2..J.Q. (d, 2H), 9.03 (d, 2H), 
B..22 (s, 2H), ~ (s, 2H), 8.54 (t, 2H), 
~ (d, 2H), 8.22 (dd, 2H), .8.J..Q. (d, 2H), 
7.99 (dd, 2H), 7.90 (d, 2H), 7.73 (t, 2H). 
13c n.m.r. spectrum; S(ppm); 158.38, 154,07, 153,83. 152.76, 148.45, 148,19, 
(CD3OD) 144.66, 144.07. 143.90. 134,34 (2 signals), 131.65, 
130.80 (2 signals), 129,33. 129,25. 128.29. 
(phen resonances are underlined in the 1 H and 13 C spectra). 
u.v./visible spectrum, CH3CN: 28250 (3700), 29700 (4700), 31400 (21200), 
33000 (28800), 36400 (62200), 43800 (68500), 
45500 (sh), 49500 (61100). 
lr(Me2bipy)3.(CF3S03)3 lr(Me2bipy)2(CF3SO3)3 (60 mg) and 
4,4'-dimethylbipy (160 mg) were stirred in ethanol (5 ml), giving a 
suspension of. the pale green iridium complex. The suspension was heated at 
reflux, under an atmosphere of nitrogen, for 4 hours. During this time, the 
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solid material completely dissolved and the solution developed an orange 
colour which then faded to yellow. As the product solution cooled, a pale 
beige coloured precipitate appeared, and this was collected by filtration, and 
dried at the aspirator. The infrared spectrum of this product contained peaks 
characteristic of both free and coordinated Me2 bipy. The solid material was 
extracted thoroughly with CH2Cl2 (10 ml) to remove the excess ligand, and 
the pure complex was collected by filtration, washed with CH2Cl2 and air-
dried, to give Ir(Me2bipy)3(CF3SO3)3 (30 mg). Yield = 42%. 
Inf rared spectrum: 
1 H n.m.r; o(ppm): 
(CD3OD) 
l 3C n.m.r.; o(ppm): 
(CD3OD) 
3080, 1620, 1485, 1450, 1345,1330, 1260, 1235, 1190, 
1160, 1030, 990, 970, 825, 645, 635, 515 cm-1. 
8.84 (s, 6H), 7.78 (d, 6H), 7.66 (d, 6H), 2.81 (s, 18H; Cfu) 
158.22, 157.34, 151.07, 132.62, 128.90, 21.96 ~H3). 
u.v./visible spectrum, CH3CN: 29800 (3500), 32000 (41500), 33000 (41100), 
39600 (51800), 46100 (75300). 
Table 1.6.1. Routine Elemental Analyses for Complexes Discussed 1n this 
Chapter 
Complex Element % Cale. % Found 
Ir(bipy)2Cl2.Cl C 37.13 37.22 
H 3.12 2.93 
N 8.66 8.48 
Cl 16.44 16.54 
Ir(bipy)2C!i.CF3SO3 C 34.81 34.70 
H 2.23 1.95 
N 7.73 7.60 
Cl 9.79 9.91 
Ir(phen)2Cl2. Cl.4H2O C 39.43 39.54 
H 3.31 3.18 
N 7.66 7.68 
Cl 14.55 14.54 
lr(phen)2Cl2. CF3SO3 C 38.87 37.55 
H 2.09 2.23 
N 7.25 7.28 
Cl 9.18 8.63 
Ir(Me2bipy )2Cl 3 C 39.98 40.11 
H 3.35 3.86 
N 7.77 7.25 
Ir(Me2bipy)2Cl2.CF3S O3 C 38.46 38.79 
H 3.10 2.81 
N 7.18 7.10 
Cl 9.08 8.71 
Ir(bipy)2(CF3SO3)3 C 29.02 28.95 
H 1.69 1.51 
N 5.89 5.75 
Ir(phen)2( CF3S 03)3 C 32.44 32.66 
H 1.61 1.59 
N 5.60 5.60 
Ir(Me2bipy )2 ( CF3S 03)3 C , 32.18 32.21 
H 2.40 2.14 
N 5.56 4.49 
lr(bipy)3.(CF3SO3)3 C 35.77 36.06 
H 2.18 2.21 
N 7.59 7.69 
lr(phen)3.(CF3SO3)3 C 39.70 39.52 
H 2.05 2.22 
N 7.12 6.98 
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Complex Element % Cale %Found 
Ir(Me2bipy)3.(CF3S03)3 C 39.29 39.05 
H 3.04 3.10 
N 7.05 6.89 
Ir(bipy)2(phen).(CF3S 03)3 C 34.26 34.59 
H 2.34 2.11 
N 7.49 7.49 
Ir(phen)2(bipy).(CF3S03)3 C 38.44 38.62 
H 2.09 2.25 
N 7.27 7.06 
Ir(bipy)2(py)2.(PF6)3 C 35.77 35.28 
H 2.18 2.41 
N 7.59 7.36 
lr(bipy)2(CH3CN)2.(CF3S03)3 C 31.37 31.47 
H 2.14 2.42 
N 8.13 7.88 
Ir(bipy)2(acac ).(CF3S03)3 C 35.96 35.93 
H 2.57 2.44 
N 6.21 6.33 
lr(bipy)2(en).(CF3S03)3 C 29.67 29.77 
H 2.39 2.08 
N 8.31 8.13 
Ir(bipy)2(biquin).(PF6)3 C 38.17 32.15 
H 2.36 2.36 
N 7.03 6.90 
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CHAPTER2 
Voltammetric and Spectroelectrochemical Studies on 
Ir(III) Complexes 
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SECTION2,l INIRODUCTION 
It has been established that most d-block metals can form complexes 
containing polypyridyl-type ligands. Many of these complexes have been the 
subject of electrochemical investigations, particularly those containing the 
bipyridyl ligand [1-12]. Where the metal itself has two or more accessible 
oxidation states, the observation of metal-based redox processes may be 
possible and such behaviour has been reported for polypyridyl complexes of 
chromium [4,5,6], ruthenium [2] and osmium [4,5], amongst others. But, 
regardless of the occurrence or absence of metal-based electrochemistry, the 
reducible nature of the bipyridyl moiety means that for each complex, 
electron transfer to the ligand manifold becomes feasible. The voltammetric 
response of free 2,2'-bipyridyl (bipy) consists of 12L.Q. one-electron reductions, 
which produce firstly the anion radical, bipy-, and then the dianion, bipy2 -
[1]. On complexation to a metal centre, the molecule is electronically 
stabilised, so the acceptor orbitals (1t *) are lower in energy and the reductions 
occur at less extreme potentials. Thus, for example, [lr(bipy)3] 3 + undergoes 
six successive one-electron reductions, in two sets of three closely-spaced 
steps [ 11]. The first set of three peaks in the voltammogram arise from the 
addition of one electron to each of the ligands in tum, then reduction of the 
three ligand anion radicals thus formed generates the second trio. 
Pioneering work in this area was carried out by Heath et al., using the 
techniques of electrochemistry and spectroelectrochemistry [ 13]. It was 
established that the three familiar, ligand-based reductions of [Ru(bipy)3] 2 + 
I 
involve addition of an electron to each ligand in tum, and the absorption 
spectra of the singly- and doubly-reduced species display bands characteristic 
of both bipy0 and bipy-, indicating that Ru-bipyo and Ru-bipy- co-exist in the 
molecule as discrete chromophores. Thus the reduction sequence should be 
formulated: 
+e-__ 
[Ru(bipy)3J 2+ --
-e 
+e----
-e-
+e- __ 
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Supporting evidence for this charge-localised model was provided by 
e. p .r. studies on the reduced species, where a temperature-dependent 
broadening of this e.p.r. signal was interpreted as arising from "hopping" of 
the electron between chelate rings, at a rate commensurate with the timescale 
of the e.p.r. experiment (14,15]. 
Later experiments [16] showed that the reductions of [lr(bipy)3]3+ also 
involved addition of electrons to localised 1t-orbitals. Though [Ir(bipy)3] 3+ 1s 
electrochemically similar to [Ru(bipy)3]2+, showing three reversible one-
electron reductions, the molecular orbital (M.0.) array is fundamentally 
different. 
Figure 2.1.1. Schematic Energy Level Diagram Comparing [M(bipy )3] n + 
bipy 1t* -- - - - - -
- - - - - - - - - - -- bipy 1t* 
MLCT 
1t1t* 
Run (d1t6) __ 
... 
... 
... 
... 
... 
bipy 1t ... 
-- - - - - - ~ - - - - - - - - - -- bipy 7t 
. [Ru(bipyh]2+ [Ir(bipy h]3+ 
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The 1t1t * gap 1s smaller for the coordinated ligand, due to the more 
stabilising influence of the Ir(III) centre. More importantly, there is a 
drastic lowering of the metal d1t orbitals due to the increase in core-charge, so 
that the occupied d1t levels descend below the ligand 1t levels. Consequently 
the lowest energy absorption is now ligand-localised 1t1t * in origin, whereas 
the corresponding band in the spectrum of [Ru(bipy)3] 2+ has been assigned 
as metal-to-ligand charge transfer (MLCT) (Figure 2.1.1). Since [Ir(bipy)3] 3 + 
1s transparent in the visible region, spectroelectrochemical characterisation 
of the reduction products [ 16] afforded the opportunity to study the spectrum 
of the chelated anion radical without its being complicated by charge-
transfer bands derived from the parent complex, which is the case for 
[Ru(bipy)3]2+/+/0/- [13]. 
Transition metal complexes of 2,2' -bipyridyl and 1, 10-phenanthroline 
(phen) have long been valued for the richness of their redox and optical 
chemistry. Particular interest has been provoked in the polypyridyl 
complexes of the platinum group metals with the recognition that these 
species have potential for use in solar-energy conversion devices [ 17-20]. 
However, at present the scope for such investigations 1s much broader for Ru-
and Os-containing chromophores, simply because of the greater variety of 
known compounds [21]. As explained in Chapter 1, complexes of these metals 
lend themselves to synthetic manipulation more readily than the complexes 
of Rh(III) or Ir(III) do. 
For the first time, it has been possible to introduce to the lr(bipy)2 
chromophore a range of accompanying ligands, with varying donor/acceptor 
properties. The effect which each ligand has on the electronic energy levels 
of the common chromophoric unit has been monitored using voltammetric 
and spectroelectrochemical techniques, and the results of these 
investigations are detailed in this Chapter. 
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Equipment designed in this laboratory allows us to monitor 
electrochemical reactions directly by mounting an optically transparent 
voltammetric cell in the beam of a u.v./vis/n.i.r. spectrophotometer. The 
design of the cell is such that strict control of the temperature between -60°C 
and 20°c is routinely achieved. By modern voltammetric methods the 
thermodynamic E112 values and the subsequent stability of the electrode 
products are readily established. Then potentiostatic electrogeneration of the 
reduced or oxidised complex allows the absorption spectrum to be monitored 
throughout the electrolysis. This technique has obvious advantages; for 
example, isolation of the redox products from solution is unnecessary, and 
there are certain in-built checks which rigorously confirm the integrity of 
spectral data obtained, even for normally transient or unstable compounds. 
All of the new species give nse to an absorption spectrum which is 
featureless in the visible region, just as observed for [Ir(bipy)3] 3+, and this 
facilitates comparison of the absorption bands for the different reduction 
products. Thus the influence of the unique ligand on both bipy0 and bipy--
derived bands could be observed conveniently. 
SECTION 2.2 EXPERIMENT AL 
Both a.c and d.c. voltammetric techniques were employed in the 
electrochemical experiments, and in some cases polarographic methods were 
also utilised where electrode products were found to coat on the surface of the 
platinum working electrode. The dropping mercury electrode offers a fresh 
surface for each datum point collected, as any adhering material is removed 
along with the previous drop. Bulk electrogeneration experiments provided 
coulometric data for the redox processes and also allowed voltammetric 
characterisation of the products, so giving information on the long-term 
stability of the reduced or oxidised species. 
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Electrogenerated products were, where possible, characterised 
spectroelectrochemically using in situ techniques. The O.T.T.L.E. (Optically 
Transparent Thin-Layer Electrosynthetic) cell compnses an optical quartz 
cell of sub-millimetre pathlength containing a wafer-thin Pt gauze. This cell 
is placed in a hollow teflon block which is secured in the beam of a 
u.v ./visible spectrometer (see Figure 2.2.1). The design of the block allows the 
cell to be cooled by passage of pre-cooled N2 gas. By this method the electrode 
products, which were often air- or moisture-sensitive, could be generated in 
situ and their absorption spectra measured. Each spectrum was recorded at 
regular intervals during electrolysis, and attainment of a steady-state 
spectrum at a potential appropriately beyond El /2 indicated complete 
conversion of the starting material. In every case the reversibility of the 
redox reaction was checked by regeneration of the starting complex; 100% 
recovery shows the electrosynthesis is fully reversible under the prevailing 
conditions. Reversibility is also implied by the presence of isosbestic points 
1n a spectral progression; these show, generally, that the reaction taking 
place is a straightforward conversion of reactant to product with no 
intermediate species formed and no losses via decomposition. 
Voltammetric analyses were performed in N2-purged, non-aqueous 
solvents, usually either CH3CN (0. IM in supporting electrolyte) or CH2Cl2 
(0.5M in supporting electrolyte). The supporting electrolyte was 
tetrabutylammonium tetrafluoroborate (TBABF4) or the corresponding 
hexafluorophosphate salt (TBAPF6). CH2Cl2 was stored over KOH pellets then 
distilled from CaH2. CH3 CN was purified by the method of Walter and Ramaley 
(22] and finally distilled from P2 0 5. 
Electrochemical measurements were made using a P.A.R. Model 170 
apparatus. The working electrode was generally a platinum microdisk 
(0.5mm) and all potentials were measured against an Ag/ AgCl reference 
electrode (ferrocinium/ferrocene = +0.55V). In some cases a dropping 
-Figure 2.2.1. Schematic Representation of the O.T.T.L.E. Cell 
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mercury electrode (d.m.e.) was used, this was a Metrohm· E505 unit 
synchronised with the P.A.R. 170. 
O.T.T.L.E. experiments were carried out 1n the cell compartment of a 
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Perkin Elmer A.9 u.v ./vis/n.i.r. spectrophotometer. Appropriate potentials 
were applied using a Thompson Ministat Potentiostat (E-Series) interfaced to a 
Thompson 424 voltage programmer and R.S.C. monitor unit, or a P.A.R. model 
273 potentiostat/galvanostat. 
SECTION2.3 TRIS a-DIIMINE C01\1PLEXES OF Ir(III) 
Results 
1) Voltammetry 
Voltammetric results for the tris a-diimines are summarised in Table 
2.3.1. Half-wave potentials for the L0 I- couples only are listed (L = a-diimine), 
as the L-/2- reductions were not always visible within the available potential 
window, particularly for the phen containing complexes. E 1 /2 values for 
observed L-12- peaks are listed in text. Where possible, CH2 Cl 2 was employed 
as the solvent for electrochemistry, as it allows use of much lower 
temperatures, which can be advantageous in preserving unstable electrode 
products. [Ir(phen)3] 3 + and [Ir(phen)2 (bi py)] 3 + had very limited solubility 
1n CH2Cl2, even as their triflate salts, and so experiments had to be performed 
1n CH3CN. Measurements on [Ir(bipy)3]3+ and [lr(bipy)2(phen)]3+ were thus 
also performed in CH3 CN, to enable meaningful comparison of half-wave 
potentials and absorption spectra. However, in CH3 CN it was common for one 
or more of the reduced species to coat onto a platinum electrode, necessitating 
the use of a dropping mercury electrode to determine accurate E112 values. 
The response of each complex in the series [lr(bipy)n(phen)3-n] 3+ was 
therefore measured using both dropping mercury and platinum electrodes: 
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the former to record accurate half-wave potentials and the latter to check 
reversibility criteria for peaks in the voltammogram which were not 
compl icated by adsorption phenomena. The same half-wave potentials were 
obtained using either a Pt or dropping mercury electrode. 
[Ir(bipy)3]3+; CH2Cl2, CH3CN. The voltammetric results for this complex are 1n 
agreement with those obtained elsewhere in CH2Cl2 [1] and CH3CN (11]. In 
CH2Cl2 at room temperature, the complex undergoes three semi-reversible 
bipy 0 /- reductions, followed by three irreversible bipy-12- reductions. At -
60°C the first three reductions become fully reversible, at -0.73, -0.93 and -1.14 
V, and the semi-reversible bipy-12- peaks appear at -1. 78, -2.04 and -2.33 V. 
Similar results are obtained in CH3CN. In this solvent at -40°C the bipy0 /-
reductions occur at -0.76, -0.92 and -1.06 V. 
Table 2.3.1 Ligand-Based Reduction Potentials for [Ir(a-diimine )3] 3 +. 
Complex El/2 (Volt vs. Ag/AgCl) 
[lr(Me2bipy)3]3 + -0.87 -1.05 -1.25 
[Ir(bipy)3]3 + 
-0.76 -0.92 -1.06 -0.74 -0.93 -1.13 
[Ir(bipy)2(phen)]3 + -0.79 -0.93 -1.10 
[Ir(phen)2(bipy)]3 + -0.81 -0.96 -1.11 
[Ir(phen)3]3 + 
-0.82 -0.96 -1.10 
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[Ir(Me2bipy)3]3+; CH2Cl2. Results for this complex and [Ir(bipy)3] 3+ are 
identical, except that the reductions occur at more cathodic potentials for the 
methylated complex. The half-wave potentials, measured at -60°C, are -1.84 
and -2.08 V for the first two Me2bipy-l2- reductions (Figure 2.3.1). 
[Ir(bipy)2(phen)]3+; CH2Cl2, CH3CN. The room temperature cyclic 
voltammogram, measured in CH2Cl2, shows three semi-reversible reductions, 
at -0.70, -0.88 and -1.10 V, with a fourth irreversible peak appearing at -1.78 V. 
At -70°C some improvement in the reversibility of the peaks was evident, 
though adsorption of the second reduction product on the electrode surface 
prevented determination of the proper reversibility criteria. In CH3 CN at 20°C 
the first peak, at -0.71 V, appears to be less reversible than the second (-0.87 
V), which is almost fully reversible, and scanning the third wave produces a 
species which coats on the platinum electrode. When the solution is cooled to 
-40°C the first reduction appears to be fully reversible if the potential ramp is 
re turned directly after the peak. 
[Ir(phen)2(bipy)] 3+; CH3CN. Measured at 20°C, the cyclic voltammogram 
shows three irreversible reductions, at -0. 72, -0.85 and -1.14 V and the product 
formed during the third reduction adsorbs on the platinum electrode. At -40°C 
there is little improvement in the reversibility of the first two reductions. 
Adsorption phenomena hampered cyclic voltammetric determination of any 
increased stability for the third reduction product, but the a.c. polarogram 
showed the third peak was more intense than the first two. The a.c. technique 
tends to discriminate against irreversible processes, so that the peaks for 
these are suppressed relative to more reversible processes. It appears then, 
that at -40° C the third reduction is no less reversible than the first and second 
steps, or that it may be enhanced by electrodeposition. 
Figure 2.3.1. 
0.0 
-
Cyclic Voltammograms of [lr(Me2bipy)3]3+ in CH2Cl2 at -60<>C 
u = 100 mV/s 
-1.0 
EI{l/ Volt -2.0 
VI 
-....l 
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[Ir(phen) 3]3+; CH3CN. Three irreversible reductions are observed at 20°C, at 
-0. 73, -0.87 and -1.06 V; adsorption of the electrode products occurs during the 
thi rd of these. The peaks do not become significantly more reversible at 
-40°C. These results are m agreement with those of DeArmond et al. [23] who 
found irreversible behaviour for this complex at scan rates below 100 V/s. 
2. S pectroelectrochemistry 
All results are presented m figures, as well as in tabular form. 
[Ir(Me2bipy)3]3+; CH2Cl2, -60°C. The spectrum of this complex 1s very similar 
to that of [Ir(bipy)3] 3 +, but the first strong 1t1t * band is shifted to higher 
energy in the methylated complex, by 600 cm- 1. At -0.92 V the first reduction 
product was generated smoothly, with isosbestic points at 31000, 34900 and 
38600 cm- 1. The spectral progressions obtained during this reduction and the 
fo llowing two are directly analogous to those observed during the 
corresponding processes for [Ir(bipy)3 ]3+ [24 ]. Bands derived from the 
unreduced ligand (Me2bipy 0 ) gradually collapsed while new bands 
characteristic of the reduced ligand developed in the visible region. These 
new bands grew in a stepwise manner and shifted slightly to lower energy on 
subsequent reductions of the monoreduced species at -1.1 V then -1.35 V. The 
bands of coordinated Me2bipy- are very well-defined, superior in this respect 
even to those of bipy-. Isosbestic points for the second reduction occurred at 
31200, 34200 and 38100 cm- 1 and for the third reduction at 24700, 25500, 33200, 
34700 and 37200 cm- 1. Assignments for the bands in all four spectra were 
I 
made by comparison with the spectra of [Ir(bipy)3]3+/2+/+/0, which have 
been assigned previously [ 1, 16,24] (Table 2.3.2, Figure 2.3.2). 
t 
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Figure 2.3 .2. 
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Table 2.3.2. 
COMPLEX 
Assignment of the Absorption Bands in [lr(Me2bipy)3]3+/2+/+/o. 
u x 10-3/cm-l (£ x 10-4) 
1t1t* 
Me2bipy 0 
1t1t* 
Me2bipy-
1t1t* 
Me2bipy 0 
LMCT 
Me2bipy-
1t1t* 
Me2bipy-
1t1t* 
Me2bipy-
Ir(Me2bipy)3] 3 + 39.6 (5.18) 33.0 (4.11) 
32.0 (4.15) 
lr(Me2bipy)3] 2 + 
lr(Me2bipy)3]+ 
Ir(Me2bipy)3] 0 
a Obscured 
a 
a 
37.1 (4.46) 
33.2 (3.13) 
31.9 (3.08) 
a 
a 
28.0 (1.84) 
26.8 (3.25) 
25.4 (1.71) 21.0 (0.67) 
19.9 (0.90) 
25.1 (2.58) 20.5 ( 1.27) 
19.3 (1.50) 
24.4 (2.26) 20.0 (1.92) 
18.9 (2.23) 
1t1t* 
Me2bipy-
13.8 (0.32) 
12.4 (0.34) 
13.8 (0.42) 
12.4 (0.47) 
13.7 (0.47) 
12.4 (0.55) 
°' 0 
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[Ir(bi py )3] 3 +; CH3 CN, -40°C. Spectroelectrochemical characterisation of 
[Ir( bipy)3]3+ has been performed previously in this laboratory, in dmso [1] 
and in CH2Cl2 (24]. It was necessary to repeat the experiment in CH3CN, 
however, so that the results could be compared directly with those obtained 
for [Ir(bipy)2(phen)] 3+, [Ir(phen)2(bipy)] 3+ and [Ir(phen)3] 3+. 
[Ir(bipy 0 )2(bipy-)] 2+ and [Ir(bipy0 )(bipy-)2]+ were electrogenerated 
at -0.85V and -1.00 V, and both species were stable on the electrosynthetic 
timescale (Figure 2.3.3A, Table 2.3.3). Isosbestic points for the first reduction 
occurred at 30600, 34500, 39100 and 43200 cm- 1, and for the second reduction 
at 30400, 34000 and 38300 cm-1. The spectra obtained were identical to those 
reported in CH2 Cl 2; only minor shifts in the band energies were found (ca. 
100 - 200 cm- 1 ). Electro generation at -1.24 V, just beyond the potential of the 
third reduction, produced a species which coated onto the platinum gauze 
working electrode, so no spectrum could be obtained. 
[Ir(bipy)2(phen)] 3+, CH3CN, -40°C. The starting spectrum contains bands 
characteristic of bipy, at 31400, 32800 and 40500 cm-1, and of phen at 28300, 
36200 and 43400 cm- 1. During electrogeneration at -0.96 V, the bands assigned 
to unreduced phenanthroline collapse, while the bipy0 bands remained 
largely unaffected. Simultaneously, two new, broad weak bands, at 25200 and 
17000 cm- 1, grew in the previously transparent visible region. No isosbestic 
points were observed for this reduction. Attempts to reoxidise the electrode 
product were only partially successful: the phen° bands began slowly to 
increase 1n intensity, and the new visible bands diminished perceptibly, but 
the process was extremely slow and again no isosbestic points were 
maintained. The second reduction product was electrogenerated at -1.20 V 
(Figure 2.3.3B, Table 2.3.4). This time the intensity of the bipy0 bands 
decreased, and this was matched by the development of several new, sharp 
bands in the visible region, superimposed on the two broad bands. These 
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Figure 2.3.3. Absorption Spectra in CH3CN at -400C 
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Table 2.3.3 
COMPLEX 
lr(bipy)J]3 + 
Ir(bipy)3]2 + 
Ir(bipy)3]+ 
a Obscured 
---
Assignment of Absorption Bands in [lr(bipy)3]3+/2+/+. 
u x 1 o- 3 /cm -1 ( £ x 1 o-4) 
7t7t* 
bipyO 
39.8 (5.00) 
39.5 (4.35) 
40.9 (4.24) 
7t7t* 
bipy-
a 
a 
7t7t* 
bipyO 
32.8 (4.01) 
31.4 (4.35) 
32.8 (3.06) 
31.6 (2.96) 
32.8 (sh) 
31.8 (2.17) 
LMCT 
bipy-
a 
28.4 ( 1.54) 
7t7t* 
bipy-
7t7t* 
bipy-
25.8 (1.38) 22.2 (0.40) 
20.5 (0.47) 
25.6 (2.45) 22.2 (0.90) 
20.2 (1.13) 
7t7t* 
bipy-
12.3 (0.11) 
12.2 (0.28) 
0\ 
uJ 
Table 2.3 .4. Assignment of Absorption Bands in [lr(bipy)2(phen)]3+/2+/+. 
u x 10-3/cm-l (E x 10-4) 
COMPLEX 
1tx* 
pheno 
[Ir(bipy)2(phen)]3 + 43.4 
(3 .42) 
[lr(bipy)2(phen)] 2 + -
[ lr(bi py )2 (phen)] + -
a Obscured 
1tx* 
bipyO 
40.0 
(2.93) 
39.5 
(2.82) 
a 
xx* 
pheno 
36.6 
(2.93) 
-
-
xx* 
bipyO 
32.9 
(2 .16) 
31.4 
( 1.97) 
33.0 
(2.24) 
31.8 
(2.01) 
a 
pheno 
2.98 
(0.30) 
2.83 
(0.19) 
-
-
x1t* 
bipy-
-
25.4 
(0.88) 
1tx* 
phen-
25.2 
(0.19) 
a 
xx* 
bipy-
-
20.6 
(0.31) 
19.5 
(0.42) 
xx* 
phen-
17.0 
(0.15) 
16.7 
(0.15) 
xx* 
bipy-
12.0 
(0.12 
10.5 
(0.13) 
°' ~
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new bands are characteristic of bipy-, as can be seen on companng this 
spectrum with that of [Ir(bipy0 )(bipy-)2]+. This process was fully reversible; 
the spectrum obtained after the first reduction was fully regenerated on 
oxidation at -0.96 V. The species formed during the third reduction adsorbed 
on the electrode, as in the case of [Ir(bipy )3] 3 +, preventing spectral 
characterisation. 
[Ir(phen)2(bipy)]3+; CH3CN, -40°C. The bands characterising bipy and phen 
which appear in the spectrum of [Ir(bipy)2(phen)] 3+ (above) are also 
observed in the spectrum of this complex, except that the phen bands are now 
more intense relative to the bipy bands. Electrosynthesis at -0.92 V gave a 
spectral progression similar to that observed during the first reduction of 
[Ir(b ipy)2(phen)]3+, with collapse of the phen° bands and the development of 
the same two broad, weak bands in the visible region. These bands grew, by 
app roximately 50%, and shifted to lower energy on generation of the second 
reduction product at -1.07 V, and the phen° bands continued to diminish. 
Steady-state spectra were obtained for both reduction products (Figure 2.3 .4A, 
Table 2.3 .5), but no isosbestic points were maintained during either spectral 
progression and in both cases only minimal regeneration of the previous 
spectrum could be achieved. Further reduction, at -1.24 V, resulted initially 1n 
growth of bipy- bands in the visible region, but this was followed by a 
gradual collapse of the entire spectrum, as the third reduction product began 
to adsorb onto the electrode. · 
[Ir(phen)3] 3+, CH3CN, -40°C. The three reduction products of [Ir(phen)3] 3 + 
have been stabilised previously in an electrosynthetic cell [23], but no 
spectroscopic characterisation of the reduced species was performed. Results 
obtained were very similar to those for [Ir(phen)2(bipy)]3+. The spectra of 
the first two reduction products, generated at -0.94 and -1.08 V were identical 
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Figure 2.3.4. Absorption Spectra in CH3CN at -4QOC 
A. [Ir(phen)i(bipy)]3+ ~ [Ir(phen)2(bipy)]2+ ~ [Ir(phen)2(bipy)]+ 
-~ 
0 
->< t w 
.._ 
l\ 6.0 
I \ 
4.0 \ 
2.0 
t t 
(cm-1) 30000 20000 10000 
B. [Ir(phen)3]3+ ~ [Ir(phen)3]2+ ~ [lr(phen)3]+ 
-~ 
0 
-
6.0 I 
I 
4.0 0) / 
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Table 2.3.5 Assignment of Absorption Bands in [lr(phen)2(bipy)]3+/2+/+. 
v x 10-3/cm-l (ex 10-4) 
COMPLEX 
1t1t* 
pheno 
[lr(phen)2(bipy)]3 + 43.9 (6.85) 
[lr(phen)2(bipy)] 2 + 45.4 (5.16) 
[ lr(phen)2 ( bi PY)]+ 
# tentative assignment 
a Obscured 
1t1t* 
pheno 
36.5 (6.22) 
36.8 (3.91) 
1t1t* 
bipyO 
33.0 (2.88) 
3.14 (2.12) 
33.1 (2.98) 
31.8 (2.44) 
33.2 (2.38) 
31.9 (2.38) 
pheno 
29.7 (0.47) 
28.3 (0.37) 
a 
# 7t7t * 
phen-
24.4 (0.37) 
23.5 (0.54) 
# 7t7t * 
phen-
17.9 (0.30) 
16.9 (0.40) 
0\ 
-.J 
---
Table 2.3.6 
COMPLEX 
[Ir(phen) 3]3 + 
[lr(phen) 3]2 + 
[lr(phen)3]+ 
Assignment of Absorption Bands in [lr(phen)3 ]3+/2+/+. 
u x 10-3 /cm -1 (e x 10-4) 
1t1t* 
pheno 
44.8 (8.69) 
44.9 .(6.33) 
45.3 (4.99) 
1t1t* 
pheno 
36.5 (8.16) 
36.6 (5.09 
36.6 (3.36) 
pheno 
29.6 (0.56) 
28.2 (0.59) 
a 
a 
#1t1t* 
phen-
25.2 (0.40) 
24.7 (0.47) 
# tentative assignment 
a Obscured 
# 7t7t * 
phen-
17.4 (0.34) 
17.0 (0.35) 
°' 00 
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m the visible region to those produced on reduction of the monobipyridyl 
complexes, and collapse of the strong phen° 1t1t* bands occurred in each case 
(Figure 2.3.4B, Table 2.3.6). Neither of the first two reductions were fully 
reversible, as reoxidation occurred only very slowly, and no isosbestic points 
were maintained during the forward processes. The third reduction product, 
generated at -1.24 V, adsorbed on the working electrode, as occurred for the 
other three tris a-diimines in CH3 C N. 
Discussion 
As detailed in the Introduction to this chapter, the voltammetry and 
spectroelectrochemistry of [Ir(bipy)3]3+ are best described by the trapped-
electron model, in which an electron is added to each bipy ligand in tum and 
the interaction between individual ligands is minimal. The similar behaviour 
observed for [Ir(Me2bipy)3] 3+ requires that such a model is also applicable 
for this new complex. 
The results for Ir(bipy)3 3 + agree with those reported previously in this 
laboratory [1,24] and elsewhere [11]. Kahl et al. [11] interpreted the pattern 
of the cathodic voltammetric response as derived from a series of six 
straightforward, fully-reversible, one-electron transfer steps, forming 
firstly three coordinated ligand anion radicals (bipy-), which m tum 
undergo further reduction to form coordinated bipy2-. This has subsequently 
been verified by spectroelectrochemical experiments performed in our 
laboratory [ 16]. 
The similarity between the electrochemical behaviour of 
[Ir(Me2bipy)3] 3+ and that of [Ir(bipy)3]3+ strongly suggests that an 
analogous electron-transfer sequence should be used to describe the 
behaviour of the new methylated complex. The six reductions of 
[I r(Me2bi py) 3] 3+ occur to more negative potentials than the corresponding 
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processes for [Ir(bipy)3] 3 +, and in this the influence of the methyl groups IS 
clearly indicated. A positive ( +I) inductive effect would be expected to 
transfer additional electron density to the 1t-system of the chelate rings, so 
that the energy of the 1t * acceptor orbitals will be slightly raised and 
reduction will be marginally less favourable. In fact, the extent of the effect 
(70 mV) is well beyond the limit of experimental error (± 10 mV). 
The spectrum of the Me2bipy- radical anion appears to be directly 
analogous to that of bipy-, and the bands have therefore been assigned by 
direct comparison. Methylation of the bipy ligand has very little effect on 
the appearance of the spectrum, either in the reduced or unreduced state, but 
the bands do shift somewhat between the two series. The bands for the 
unreduced ligand are shifted to higher energy upon methylation, by up to 600 
c m -1, while the bipy- bands shift to lower energy by 200-500 cm- 1. In the 
spectra of the singly- and doubly-reduced species we see bands 
characterising coordinated Me2 bi p y O and Me2 bi py-, showing that these 
complexes contain both chromophores and hence that each added electron 
enters an orbital which is localised on just one ligand. One of the most 
compelling pieces of evidence for the localised model was the detection of a 
broad, weak IVCT band in the near-infra red spectra of _[Ir(bipy0 )2(bipy-)] 2 + 
and [Ir(bipy 0 )(bipy-)2]+, arising from electron "hopping" between bipy 
ligands [24]. This band is absent for [Ir(bipy)3]3+ and [Ir(bipy-)3] 0 , in which 
no such transitions are possible. The discovery of a similar band in the 
would strengthen the case for the application of a localised-electron model In 
~ describing the spectroelectrochemical behaviour of this complex. It seems 
unlikely that a different model could be applied, considering the strong 
similarity between the behaviour of [Ir(bipy)3] 3 + and [Ir(Me2 bi py) 3] 3+. 
The electrochemistry of [Ir(phen)3] 3 + has been reported previously [23] 
and the results agree with those obtained in the present study. To a certain 
~Th. . 1s expenment requires sophisticated background subtraction in the i .r. 
and near-i.r. regions (say 2000 to 8000 cm .j) accompanying spectro-electro-
generation, and will be pursued when facilities permit. 
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extent, the voltammetric response is similar to that of [Ir(bipy)3] 3 +: both 
complexes show six ligand-centred reductions, grouped in two sets of three 
closely-spaced peaks, and have no observable anodic redox chemistry. But the 
elec trochemical reversibility of the response of [Ir(phen)3] 3 + is much 
poorer. No return waves are observed for any of the peaks, except at very fast 
scan rates. Curiously, though, bulk electro generation experiments [23] show 
that the products formed during the first three reductions are stable on the 
electrosynthetic timescale, so that [Ir(phen)3] 0 can be formed in essentially 
quantitive yield. Kahl et al. [23] proposed tentatively that the singly- and 
double-reduced species were required to approach the electrode in a specific 
orientation, presenting their unreduced ligands, since the localised electron 
model is believed to operate for the phenanthroline complex. However, if this 
were the case, we would expect similar behaviour from [Ir(bipy)3] 3+, for 
which the localised model also applies and which displays fully reversible 
redo x chemistry. 
The reduction potentials of [Ir(bipy)3] 3+, at -0.76, -0.92 and -1.06 V, and 
those of [Ir(phen)3] 3+, at -0.82, -0.96 and -1. 10 V, are quite close, but differ 
beyond the extent of experimental error (± 10 m V). For the mixed bipy/phen 
complexes, therefore, we were interested 1n discovering whether one of the 
ligands would be reduced preferentially, at its characteristic reduction 
potential determined from the appropriate tris complex, or if the reduction 
potentials of the complexes [Ir(bipy)n(phen)3-n]3+ would shift smoothly with 
stoichiometry (n). The latter possibility might occur if some interaction 
exists between the ligands, whereas if the reducing electron was effectively 
localised on one chelate ring we might expect the former situation. 
Comparing the first reduction potentials (E 1) of [Ir(bipy)n ( phen) 3-n] 3 +, 
we find that these do decrease with n, but the shift is not linear: 
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n I o 1 2 3 
E1 I -0.83 -0.82 -0.81 -0.76 
For the phenanthroline-containing complexes (i.e. n = 0, 1, 2), the first 
reduc tion potentials are grouped more closely together, which implies that, 
for the mixed complexes, the reducing electron enters an orbital with more 
phen character than bipy character. This is also suggested by the 
revers ibility of the peaks in the voltammograms. [Ir(bipy)2(phen)] 3 + 
undergoes one semi-reversible reduction followed by two fully reversible 
ones, and for [lr(phen)2 (bi py)] 3 + the first two reductions are irreversible. 
Since the reductions of [Ir(phen)3] 3 + are also irreversible, it looks as though 
phen is reduced before bipy, despite the voltammetric indication that bipy is 
marginally easier to reduce than phen (by ca. 70m V, comparing [Ir(bipy)3] 3 + 
and [Ir(phen)3] 3 +). 
The strongest evidence for the preferential reduction of phenanthroline 
1n the mixed bipy/phen chelates of Ir(III) is provided by the 
spectroelectrochemical results. Looking firstly at the behaviour of the mono-
tris chelates, [Ir(bipy)3]3+ and [lr(phen)3]3+, we find that the spectra of the 
reduced species are very different in the visible region, which is where 
bands for the ligand anion radicals are expected to appear. The spectrum of 
coordinated bipy- is by now familiar, and is quite distinctive. The spectrum of 
the phenanthroline anion radical has not been observed previously, to our 
knowledge. Reduction of bipy is fully reversible, even on the 
electrosynthetic timescale, as indicated by the steady state spectra which were 
attained for [lr(bipy0 )2(bipy-)] 2+ and [lr(bipy0 )(bipy-)2]+, and the isosbestic 
points maintained during the first two reductions. In contrast, the products 
formed on reduction of [Ir(phen)3] 3 + are much more resistant to reoxidation, 
although the singly- and doubly-reduced products at least appear to be stable 
on the electrosynthetic timescale. 
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For the mixed bipy/phen species, the spectral progressions observed for 
each reduction can be readily assigned as phen-based or bipy-based by 
comparison with the response of the tris complexes. On reduction of 
[Ir(bi py)2(phen)] 3+, the visible spectrum obtained initially is exactly 
analogous to that of [Ir(phen)3] 2 + and the bipy- peaks first appear during the 
second reduction, which is fully reversible. Clearly, phen is reduced before 
bipy. This is borne out by the behaviour of [Ir(phen)2(bipy)]3+, which 
displays two phen-based reductions before the bipy- peaks are detected 
during the third reduction. Unfortunately, all four neutral complexes 
[Ir(bipy)n(phen)3-n] 0 adsorb onto the working electrode in CH3CN, so spectra 
could not be obtained. Despite this, the conclusion from these experiments is 
unambiguous: chelated phenanthroline is reduced before chelated bipyridyl 
on an lr(III) centre (Figure 2.3.5). 
These results are in accord with those of Bugnon and Hester [25] who 
reported the spectroelectrochemical characterisation of [Ru(bipy)2(phen)] 2 + 
and concluded that the phen ligand was reduced preferentially. On the Ru(II) 
centre, however, the first reduction is actually reversible, while subsequent 
reductions lead to decomposition . This contrasts with our observation for 
Ir(III). The spectrum obtained for [Ru(phen)3] + was comprised, in the visible 
region, of two weak bands at ca. 26000 and 20000 - 18000 cm-1 and this 1s 
' 
similar to the spectra obtained here during the reduction of the phen ligands 
1n [lr(bipy)n(phen)3.n] 3+ (n = 2, 1, 0). 
Due to the irreversible nature of the phen reductions, and the lack of 
isosbestic points in the relevant spectr~l progressions, we are unable to 
unequivocally assign the visible spectra of these species to the 
phenanthroline anion radical. It is clear that no major structural 
rearrangements can be taking place during these reductions, as the bands for 
the remaining unreduced ligands (bipy or phen) are preserved, and each 
complex undergoes three reductions, corresponding to three reducible 
Figure 2.3 .5. Sequence of Products Formed on Reduction of [Ir(bipy)n(phen)3-n]3+ 
[Ir(bipyo)3]3+ ~ [Ir(bipyo)2(bipy-)]2+ ~ [lr(bipyo)(bipy-)2]+ ~ [Ir(bipy-)3]0 
[lr(bipyo)2(pheno)]3+ ~ [Ir(bipyo)2(phen-)]2+ ~ [lr(bipyo)(bipy-)(phen-)]+ ~ [Ir(bipy-)2(phen-)]0 
[lr(pheno)2(bipy0 )]3+ ~ [lr(phen°)(phen-)(bipy0)]2+ ~ [lr(phen-)2(bipy0)]+ ~ [Ir(phen-)2(bipy-)]0 
[lr(pheno)3]3+ ~ [lr(phen°)2(phen-)]2+ ~ [lr(phen°)(phen-)2]+ ~ [ Ir(phen-)3]0 
--...J 
~ 
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ligands. It would obviously be helpful to obtain the genuine spectrum of 
ph en -, in, for example, Li+phen-, as the analogous bipyridyl compound, 
Li+ bipy-, proved invaluable 1n assigning the spectrum of [Ir(bipy)3] 2+. 
Our conclusions are also 1n agreement with those of Kew et al., who 
surmised, on the basis of voltammetric experiments, that for both 
[Rh (bipy)2(phen)]3+ and [Rh(phen)2(bipy)] 3+, phenanthroline was reduced 
preferentially [10]. Both of these complexes, as well as the tris complexes 
[R h (bipy)3]3+ and [Rh(phen)3]3+ are highly unstable upon reduction, and 
decompose with loss of coordinated bipy or phen [ 10,26]. 
SECTION 2.4 BIS a-DIIMINE COMPLEXES OF Ir(III) 
This section deals with the electrochemistry and spectroelectrochemistry 
of complexes [Ir(bipy)2A 2]n+, most of which have been prepared for the first 
time in our laboratory. 
Results 
1. Vol tammetry. 
Voltammetric results are summarised in Table 2.4.1. Experimental 
conditions and procedures are as described earlier in Section 2.3. 
[l r(bipy)2(py)2] 3+. At room temperature the cyclic voltammogram, measured 
in CH2 Cl 2, displays three closely-spaced, irreversible reductions. The first two 
peaks became semi-reversible at fast scan rates, indicating that the third peak 
may arise from reduction of a daughter product, formed on decomposition of 
the singly- or double-reduced bis pyridine complex. At -60°C, two fully-
reversible peaks are seen, corresponding to reduction of the two bipy ligands 
(Figure 2.4.1). The third room-temperature (daughter) wave disappears as 
Figure 2.4.1. 
0.0 
Cyclic Voltammograms of [Ir(bipy)2(py)2]3+ in CH2Cl2 at -600C 
u = 100 mV/s 
-1.0 EtnJVolt -2.0 
-....l 
°' 
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expected and the semi-reversible bipy-12- couples, at -1.52 V and -1.74 V, are 
also evident. Similar behaviour occurs in CH3 C N. 
able 2.4.1. Ligand-Based Reduction Potentials for [lr(a-diimine )2A 2]n + 
omplex E 1/2 (Volt vs. Ag/AgCl) 
[lr(bipy)2(py)2] 3 + -0.77 -0.94 -0.79 -0.95 
[lr(bipy)2(CH3CN)2] 3 + -0.77 -0.97a -0.79 -o,95a 
[lr(bipy)2(en)]3 + -0.91 -1.09b -0.88 -1.05 
[lr(bipy)2(acac)] 2 + -0 .93 -1.13 -0.91 -1.09 
[Ir(bipy)2Cl2]+ -1.00 -1.22 -1.09 -1.27 
[lr(Me2bi PY )2 Cl 2]+ -1.14 -1.33 
a semi-reversible 
b with excess en present 
[lr(bipy)2(CH3CN)2]3+. The voltammetric response of this complex is very 
similar to that of [lr(bipy)2(py)2]3+ at 20°C in CH2Cl2. However, cooling the 
solution to -60°C did not improve the reversibility of the bipy0 /- reductions to 
the same extent, though half-wave potentials could be determined from the 
semi-reversible waves, and daughter product formation was not fully 
suppressed. We suspect that loss of ligated CH3CN may be responsible for the 
irreversible nature of the bipy0 /- peaks, but the stability of the reduction 
products was not improved in CH3 CN, even at -40°C. 
[lr(bipy)2(en)] 3+. A d.m.e. was employed for measurements 1n CH2Cl2, as the 
products formed on reduction of this complex had a strong tendency to adsorb 
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on Pt. The room-temperature a.c. polarogram displays two peaks, at -0.89 and 
-1.09 V, the second peak being around one-third as intense as the first. This 
indicates that some decomposition of the monoreduced species took place 
before the second reduction potential was reached, or that the second 
reduction itself was only partially reversible. The reversibility of the first 
reduction was not improved substantially on cooling the solution to -60°C. 
When the measurements were performed 1n the presence of excess 
ethylenediamine, however, the peaks in the room temperature polarogram 
became equal in height. Since added ethylenediamine apparently stabilises 
[Ir(bipy)2(en)] 2+/+, it seems the decomposition must involve dissociation of 
ligated en. The potential window was severely limited by the presence of 
ethylenediamine, running only from -0.4 V to -1.6 V, so the bipy-12- peaks 
were obscured. 
In CH3CN, the reductions of [Ir(bipy)2(en)]3+ were again irreversible at 
20°C, but became fully reversible at -40°C, without the requirement of excess 
en. The bipy-12- peaks were irreversible at all temperatures; these occurred 
at -1.67 and -1.89 V. A Pt working electrode was employed for the 
measurements in CH3 CN, as no adsorption occurred on this surface. 
[Ir(bipy)2(acac)] 2+. The bipy0 /- reductions were semi-reversible at room 
temperature in CH2Cl2, appearing at -0.89 V and -1.12 V. At -60°C both peaks 
became fully reversible, and the first bipy-/2- couple could be seen in the a.c. 
mode at -1.81 V. Identical behaviour occurred in CH3CN, except that both 
bipy-12- peaks were visible at -40°C, at -l.72 V and -1.98 V. A d.m.e. was used 
for measurements in CH3CN. 
[Ir(bipy)2Cl2]+. The bipy0 /- reductions of this complex, at -1.00 and -1.21 V 
are only semi-reversible at room temperature in CH2Cl2, and the occurrence 
of later peaks in the voltammogram at -1.35 and -1.56 V before the bipy-12-
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reductions are expected, are suggestive of the formation of daughter products. 
imilar behaviour occurs in CH3 C N. 
Kahl et al. [ 11] have previously studied the electrochemistry of this 
complex, as a nitrate salt, in CH3CN and proposed a decomposition pathway to 
ccount for the electron-transfer sequence. The molecule is believed to 
undergo loss of ligated chloride upon reduction, with the daughter products 
ormed being responsible for later peaks in the voltammogram. Our 
voltammetric results, for the c1- or CF3SO3- salts at room temperature, are 
wholly consistent with Kahl's study. However, we found that cooling to 
-40°C in CH3CN, or -60°C in CH2Cl2, induced remarkable improvement 1n the 
electrochemical behaviour. Chloride loss was evidently suppressed and the 
complex displayed two fully-reversible, one-electron reductions, in either 
solvent, at -1.00 and -1.20 V. In very dry solvents, the lr(III/IV) oxidation 
could also be seen at +2.2 V, and this was irreversible at all temperatures. 
Ir(Me2bipy)2Cl2.Cl. The voltammetric response of this complex has not been 
studied before but is very similar to that of the unsubstituted complex, 
lr(bi py)2Cl2.Cl. Four peaks appear m the room temperature cyclic 
voltammogram in CH2Cl2, the first two at -1.13 and -1.35 v ·corresponding to 
reduction of the parent complex and later peaks at -1.4 7 and -1.64 V 
presumably caused by reduction of daughter products. At -60°C the bipy0 /-
couples become fully reversible and the first bipy-/2- couple (semi-
reversible) is visible at -1.94 V. The irreversible Ir(III/IV) oxidation could 
again be observed in dry solvents, at +2.08 V. In summary all processes are 
hifted cathodically by 0.1 - 0.2 V by 4,4 '-methylation. 
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2. Spectroelectrochemistry. 
All of the species formed on reduction of [lr(bipy)2A 2]n+ displayed 
spectra characteristic of the presence of coordinated bipy-. The spectra of 
[lr( bipy)3]3+/2+/+/o have been fully assigned previously, and band 
assignments for the new species are based on those for the tris complexes (see 
Discussion). All results are presented as figures as well as in tabular form. 
[Ir(bipy)2(py)2]3+; CH2Cl2, -60°C. The absorption spectrum of the starting 
material is very similar to that of [lr(bipy )3] 3 +: the u. v. region is dominated 
by strong ligand-centred 1t1t * bands and the complex is transparent 1n the 
vis/nir region. The dication was electrogenerated at -0.87 V and the 
monocation at -1.27 V in CH2Cl 2, just beyond the half-wave potentials of the 
firs t and second bipy0 /- couples, and both electrosyntheses were fully 
reversible. This was indicated by the fact that the starting material could be 
completely regenerated for both steps and by the presence of isosbestic points 
in each progression. Isosbestic points for the first electrogeneration 
occurred at 30500, 34200 and 38700 cm- 1, and for the second at 30900, 33500 
and 38200 cm- 1. The spectral progressions observed in the visible region are 
virtually identical to those which occur on electrogeneration of 
[lr(bipy 0 )2(bipy-)] 2+ and [Ir(bipy0 )(bipy-)2]+, as the bands characteristic of 
the coordinated bipyridyl anion radical develop during formation of 
. 
[Ir(bipy 0 )(bipy-)(py)2] 2+, and these bands then grow and shift very slightly 
to lower energy as [lr(bipy-)2(py)2]+ is produced (Figure 2.4.2, Table 2.4.2). 
Both reduction products are also completely stable in CH3 CN at -40°C. 
[lr(bipy)2(acac)] 2+; CH2Cl2, -60°C. This complex displays an absorption 
spectrum which is comparable, in the u. v. region, with the spectrum of 
[l r(bipy)3] 3+ or [Ir(bipy)2(py)2]3+, where the strong 1t1t* bands of the 
unreduced bipy ligand occur. In addition, the acetylacetonate complex shows 
Figure 2.4.2. 
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Table 2.4.2. Assignment of Absorption Bands in [lr(bipy )2(py )2] 3+/2+/+. 
u x 10-3/cm -1 (Ex 10-4) 
COMPLEX 1t1t* 
bipyO 
[ I r (bi p y) 2 ( p y) 2] 3 + 40. 0 ( 4. 09) 
[Ir(bipy)2(py)2] 2 + 39.0 (3.58) 
[lr(bipy)2(py)2]+ 
a Obscured 
1t1t* 
bipy-
37.4 (sh) 
37.4 (4.23) 
7t7t* 
bipyO 
3.26 (2.73) 
3.13 (2.97) 
3.29 (1.70) 
3.15 (1.62) 
LMCT 
bipy-
a 
28.3 (1.76) 
1t1t* 
bipy-
25.6 (1.82) 
23.5 (0.54) 
7t7t * 
bipy-
20.4(0.47) 
20 .3 (sh) 
19.8 (0.99) 
1t1t* 
bipy-
12.5 (0.16) 
12.0 (0.32) 
00 
N 
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a band at lower energy (27000 cm- 1) which is much less intense than the 
ligand-centred transitions. In energy and intensity this band resembles the 
band in the spectrum of [Ir(bipy)2Cl2]+ which has been assigned as Ir(III) ~ 
ipy MLCT [27]. 
The products formed on reduction of [Ir(bipy )2 ( acac)] 3 + are both stable 
on the electrosynthetic timescale in either CH3CN or CH2Cl2 (Figure 2.4.3, 
able 2.4.3). In CH2Cl2, [Ir(bipy)2(acac)]+ was generated at -0.98 V, with 
isosbestic points maintained at 30800, 34200 and 37800 cm- 1, and the neutral 
complex was generated at -1.27 V, with isosbestic points occurring at 24800, 
25200, 33000, 35200 and 37400 cm- 1 
[Ir(bipy)2(en)] 3+, CH3CN, -40°C. As in the case of [Ir(bipy)2(py)2] 3+ the 
spectrum of the unreduced complex closely resembles that of [Ir(bipy )3] 3 +. 
Electro generation at -1.0 V produced [lr(bipy)2 (en)] 2+, with isosbestic 
points maintained at 30800, 34200, 38700, 43400, 44600 and 49400 cm- 1. The 
visible spectrum of the monoreduced species is similar to that of [lr(bipy)3] 3+. 
he monocation was electrogenerated at -1.2 V, whereupon bands associated 
with bipy- grew and shifted to slightly lower energy Figure 2.4.3, Table 2.4.4). 
Isosbestic points for this progression occurred Tat 31100, 34200, 38000 and 
49200 cm- 1. Both reductions were fully reversible on the electrosynthetic 
timescale, as the starting complex in each case could be completely 
rege nerated. 
[lr(bipy)2Cl2]+ CH2Cl2, -60°C. The at,sorption spectrum of the starting 
materi al has been reported previously and shows additional complexity 
compared to the spectrum of [lr(bipy)3]3+. [lr(bipy)2Cl2]+ shows a broad 
MLCT manifold, with the principal maximum at 26000 cm-1, and several much 
stronger, overlapping bands in the u.v. region. These intense bands are 
probably a mixture of bipy0 1t1t*, higher MLCT and, possibly, LMCT (Cl ~ dcr*, 
Figure 2.4.3. Absorption Spectra of [Ir(bipy)2A2]0+ in CH2Cl2 at -600C 
A. [Ir(bipy)2(acac)]2+ -t [lr(bipy)2(acac)]+ -t [Ir(bipy)2(acac)]0 
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2.0 X 2.4 t 
30000 
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Table 2.4.3. Assignment of the Absorption Bands in [lr(bipy)2(acac)]2+/+/0 • 
u x 10-3/cm-1 (ex 10-4) 
COMPLEX 1t1t* 
bipyO 
[Ir (bi p y) 2 ( a ca c)] 2 + 40. 6 ( 6 .44) 
[lr(bipy)2(acac)] 2 + 39.5 (5.50) 
[lr(bipy)2(acac) ]0 
a Obscured 
1t1t* 
bipy-
a 
36.9 (5.36) 
1t1t* 
bipyO 
32.8 (4.92) 
31.7 (5.49) 
a 
LMCT 
bipy-
28.1 (1.93) 
26.7 (3.86) 
1t1t* 
bipy-
2.51 (2.36) 
24.0 (2.07) 
1t1t* 
bipy-
21.0 (0.69) 
19.9 (1.06) 
20.5 (1.57) 
19.4 (2.34) 
1t1t* 
bipy-
12.0 (0.28) 
12.0 (0.55) 
00 
U\ 
Table 2.4.4. Assignment of the Absorption Bands in [Ir(bipy )2 (en)] 3+/2+/+. 
U X 10-3 (£ X 10-4) 
COMPLEX 1t1t* 
bipyO 
[lr(bipy)2(en)]3 + 39.9 (3.10) 
[Ir(bipy)2(en)] 2 + 40.0 (2.51) 
[Ir(bipy)2(en)]+ 
a Obscured 
1t1t* 
bipy-
a 
37.3 (2.19) 
1t1t* 
bipyO 
32.8 (2.38) 
31.3 (2.37) 
33.0 (1.78) 
32.0 (sh) 
LMCT 
bipy-
a 
27.6 (1.48) 
1t1t* 
bipy-
2.56 (0.88) 
2.51 (1.21) 
1t1t* 
bipy-
20.3 (0.27) 
20.8 (0.59) 
19.7 (0.80) 
1t1t* 
bipy-
12.2 (0.06) 
12.0 (0.25) 
00 
°' 
87 
expected near 40000 cm- 1 ); the first at 32500 cm- 1 , 1s typical both 1n position 
and intensity of bipy0 1t1t *. 
The monoreduced complex was generated at - 1. 10 V (Figure 2.4.4, Table 
2.4.5) and isosbestic points for the progression occurred at 30900, 32900, 33900, 
5500 and 38100 cm- 1. Applying a potential of -1.3 V, just beyond the half-
wave potential of the second reduction, resulted in decomposition of the 
electrogenerated complex [lr(bipy)2Cl2J-, with loss of the spectral bands 
associ ated with bipy-. The second reduction product could not be stabilised m 
H2C l2 or CH3CN even at the lowest available temperatures. 
[Ir( Me2bipy)2Cl2]+; CH2Cl2 , -60°C. The results of the spectroelectrochemical 
charac terisation of this complex are directly analogous to those obtained for 
[Ir( bipy)2Cl2]+. The absorption spectra of the two complexes in the 
unreduced state are similar but not identical: both display a charge-transfer 
manifold at 26000 cm- 1, but the u.v. region differs slightly between the 
complexes. The absorption spectra for both complexes agree with those 
reported 1n the literature (27,28]. [Ir(Me2bipy)2Cl2] 0 was electrogenerated at 
-1.20 V (Figure 2.4.4, Table 2.4.5), and the process was fully reversible with 
isosbestic points maintained at 31000, 33300, 33600, 37100 and 38100 cm- 1. 
Attempts to electro generate the doubly-reduced species, at -1.40 V, were 
unsuccessful, with decomposition of the electrode product occurring 
persistently during the period of electrolysis. As established for 
[Ir(Me2bipy)3J 3+, the spectrum of coordinated Me2bipy- is directly analogous 
to that of coordinated bipy-. Thus the spectrum of [Ir(Me2bipy)2Cl2] 0 is 
comparable to the spectrum of [Ir(bipy)2Cl2] 0 , and the presence of a discrete, 
coordinated, diimine radical anion, rather than a delocalised chromophore, is 
confi rmed. 
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Figure 2.4.4. Absorption Spectra of [IrL2CI2]+ in CH202 at -6QOC 
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Table 2.4.5. 
COMPLEX 
[Ir(bipy)2Cl2]+ 
[Ir(bipy)2Cl2] 0 
Assignment of the Absorption Bands in [lr(bipy)2Cl2]+/o and [lr(Me2bipy)2Cl2]+/o. 
V X 10-3 (£ X 10-4) 
1t1t* 
LO 
40.8 (2.13) 
40.6 (1.43) 
1t1t* 
L-
1t1t* 
LO 
32.4 (1.71) 
31.6 (1.61) 
33.9 (1.61) 
(1.42) 
LMCT 
bipy-
27.2 (0.78) 
1t1t* 
L-
2.4.6 (0.48) 
1t1t* 
L-
19.7 (0.46) 
1t1t* 
L-
[lr(Me2bipy)2Cl2]+ 38.5 (2.13) 32.8 (1.52) 
[lr(Me2bipy)2Cl2] 0 a 26.8 (0.97) 
a Obscured 
24.2 (0.68) 20.5 (0.45) 
19.3 (0.74) 
13.8 (0.06) 
12.4 (0.08) 
11.0 (0.08) 
00 
'° 
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Discussion 
Having demonstrated explicitly (by O.T.T.L.E.) the integrity and 
constitution of products, we can discuss their E 1 /2 values more meaningfully. 
As a class, the bis a-diimine Ir(III) complexes display a pattern of two 
sets of two closely-spaced reductions. Measurements for some complexes are 
incomplete through instability or inaccessibility, but none are inconsistent 
with this view. The separations of the peaks within each set are of the 
magnitude observed for the tris diimines (150 - 200 m V for the first set and ca . 
250 mV for the second set) and the two sets are separated by ca. 600 mV, which 
is also comparable to the separation between the set of bipy0 /- peaks and the 
set of bipy-12- peaks of [Ir(bipy)3] 3 +. Thus, the first two peaks in the 
voltammograms of [Ir(bipy)2A 2]n+ correspond to reduction of the two 
bipyridyl ligands, which then each undergo further reduction to form 
bi py 2-, giving rise to the later two peaks. 
The bipy0 /- reductions are usually reversible at low temperature, except 
1n the cases of [Ir(bipy)2(MeCN)2] 3+ and [Ir(bipy)2(en)] 3+ (in CH2Cl2 only). 
The fact that [Ir(bipy)2 (en)] 3 + shows reversible voltammetry in CH2 Cl 2 in the 
presence of an excess of ethylenediamine implies that the decomposition of 
the complex upon reduction involves dissociation of the en ligand in this 
medium. However, the products formed on reduction of [Ir(bipy)2(CH3CN)2] 3 + 
are not stable even in neat CH3 CN. The equilibrium constant for the 
decomposition of [Ir(bipy0 )(bipy-)(CH3CN)2] 2+ is likely to be greater than 
that for [Ir(bipy0 )(bipy-)(en)] 2+, since the bidentate ethylenediamine ligand 
would be held in vicinity of the Ir(III) centre even after the cleavage of one 
Ir-N bond. This does not account for the fact that the monoreduced bis 
acetonitrile complex is much less stable than the monoreduced bis pyridine 
complex. 
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Having, for the first time, introduced a range of ligands to the lr(bipy)2 
moiety, we are in a position to assess the effect that each of these ligands A 
has upon the reduction potentials of [lr(bipy)2A 2]n+. A more negative 
reduction potential indicates greater destabilisation of the bipy 7t * levels, and 
therefore a more electron-donating ligand A. Table 2.4.1 lists the half-wave 
potentials for each of the first three reductions of [lr(bipy)2A 2] 0 . Chloride 1s 
the most destabilising ligand, followed by the other anionic ligand, acac. 
Ethylenediamine, being a hard donor, has a comparable influence to acac-, 
and the remaining neutral ligands are very similar to bipy in terms of 
donor/acceptor abilities. Thus, we can grade the ligands according to their 
overall influence upon the E 1 /2 values for reduction. 
2c1- >> acac, > en >> 2CH3CN - 2py - bipy - phen 
Naturally this exercise does not separate cr and 7t covalency effects (or 
electrostatic effects); what we see is the summation of influences. 
There have been several reports of correlations between the redox 
potentials of transition metal complexes and parameters such as stoichiometry 
[29], HOMO energy [30] and the 1t-acidity of the ligands [31]. To our knowledge, 
however, there have been no reports of similar relationships involving 
ligand-centred reduction. This is not entirely surprising; the E1 /2 values for 
metal-based oxidation give a direct indication of the effect of individual 
ligands on the metal (so-called ligand additivity phenomena), while the 
ligand-centred reduction potentials presumably reflect only a "second-order" 
effect, transmitted through the metal centre. Furthermore, the range of 
suitable redox-active ligands, on which to base a series of complexes, must be 
quite limited, as these ligands must have well-defined, reversible voltammetry 
and tight (non-labile) binding to the metal, but should leave vacant 
coordination sites for a sen es of "spectator" ligands, A. 
L 
- - - ------------- - 7 
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From a recent survey on a family of complexes [Ru(bipy)2L2]n+, a 
parameter EL was obtained for each of 94 ligands, L [21 ]. It was shown that 
these parameters had a linear relationship to the Ru(Il/111) oxidation 
potential of [Ru(bipy)2L2]n+, and that one could efficiently predict the El;2 
values of other complexes containing L using EL. A more detailed account of 
this research is included in Chapter 5. EL values were assigned for all ligands 
A included in the present series [lr(bipy)2A 2]n+, so it is possible to obtain a 
plot of EL vs. Erect, where Erect is the half-wave potential for the first reduction 
of [Ir(bipy)2A 2]n+ (vs . N.H.E.), shown in Figure 2.4.5. The correlation 1s 
indeed linear, showing that bipy 0 /- ligand-based reductions, as well as metal-
based couples, vary systematically with the nature of the non-reducible 
ligands when tested against a common parameter, :EEL· The slope of the graph 
is 0.20. In Lever's study, the graph of E1;2(Rull/Ill) vs. EL has a much steeper 
slope of unity, in accord with the original derivation of the scale. Since the 
effect of the unique ligands upon Erect(bipy 0 1-) must be communicated via the 
Ir(III) centre, which has an extremely stable electronic configuration, the 
shallower slope is not surprising. 
[Ir(Me2bipy)2Cl2]+ is more difficult to reduce than [Ir(bipy)2Cl2]+, by 
120 mV. A similar effect occurs for the tris complexes [Ir(Me2bipy)3]3+ and 
[Ir(bipy)3] 3+, where the difference between the first reduction potentials 1s 
130 mV. For both of the dichloro complexes the Ir d1t levels have been 
sufficiently destabilised by the electron-donating chloride ligands that the 
Ir(III/IV) oxidation is observable within the available potential window. 
[Ir(Me2bipy)2Cl2]+ 1s oxidised at -t2.08 V, 180 mV earlier than the oxidation of 
[Ir(bipy)2Cl2]+ at 2.20 V. The separation between the potential for the 
Ir(III/IV) oxidation and the potential of the first bipy0 /- reduction 1s, 
however, the same in both complexes (3.22 V). 
Since the oxidation paten ti al reflects the energy of the Ir d1t levels (the 
HOMO) and the first reduction potential reflects the energy of the bipy 1t * 
Figure 2.4.5. 
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levels (the LUMO), we might suppose that the difference between the two 
parameters in some way represents the energy of the lr(III) -+ bipy 1t* MLCT. 
The value of (Eox - Erect) is 3.2 V for both complexes and the band maximum for 
the strongest peak in the lower energy band envelope is 26000 cm-1 in both 
cases. Indeed, 3.2 V translates into 25970 cm-1 (1 Volt - 8066 cm-1 which is 
within experimental error of the energy of the strongest MLCT band in both 
complexes. 
It has been shown that a graph of E112(Rull/Ill) vs. l:EL has a slope of 
unity [21] and thus we expect a similar slope for the lr(III/IV) couple in 
[lr(bipy)2A2]n+, since both graphs refer to an M(d6/d5) oxidation. As we 
know this slope is around 5 times as strong as that determined for the bipyo/ _ 
couple (Figure 2.4.5) we can predict the value of El12(1rlII/IV) for systems 1n 
which this couple is inaccessible and, pursuing this qualitatively, thus 
estimate the energy of the Ir(III) -+ bipy MLCT, in the same way as computed 
for [lr(bipy)2Cl2]+ above. The estimated values for El12(1r1II/IV) and v(MLCT) 
are listed below in Table 2.4.6. 
Table 2.4.6. Estimated MLCT Energies for [lr(bipy)2A2]n+ . 
Complex lr(III/IV)/ V bipy0 1-J V ~E v(MLCT)/ cm- 1 
[lr(bipy)2Cl2]+ +2.20 -1.00 3.20 25800 
[lr(bipy)2(acac)] 2 + +2.55 -0.93 3.48 28100 
[lr(bipy)2(en)]3 + +2.70 -0.90 3.60 29000 
[lr(bipy)2(py)2] 3 + +3 .35 -0.77 4.12 33200 
The MLCT band for [Ir(bipy)2(py)2]3+ will thus be obscured by the 
strong 1t1t* bands at 31200 and 33000 cm-1, but for the other complexes this 
peak should be visible. We find that indeed there are bands in the appropriate 
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regions: at 27000 and 29000 cm-1 for the acac and ethylenediamine complexes 
respectively. It will be of great interest to pursue this suggestion. 
All of the species [Ir(bi py )2A 2] 3 + display electronic absorption spectra 
which are very similar to that of [Ir(bipy )3] 3 +. Generally, the spectra are 
dominated by strong bipy nn * bands, at approximately 32000, 33000 and 40000 
cm -1. The absence of any significant variations in the peak maxima (um ax), 
throughout the series of complexes, shows that although the bipy 1t * levels 
have shifted in energy (indicated by the relative reduction potentials) the 1t1t * 
gap remains largely unaffected by changes in the coordination sphere. This 
is also true for [Ir(bipy)2 ( ac ac)] 2+, but as noted above, in addition to the 
strong bipy 1t1t * bands, this complex shows a lower energy band at 27000 cm- 1, 
similar in position and intensity to the strongest peak in the charge-transfer 
manifold observed in the spectrum of [Ir(bipy)2Cl2]+ [27]. 
The spectra of the reduced species are again very similar to the spectra of 
[lr(bipy)3] 2+/+/o. In each case, addition of one electron gives a species 
showing three weak bands at ca. 12000 cm- 1 (it was not always possible to 
distinguish all three bands) and several stronger bands in the visible region, 
from ca. 20000 cm- 1. Growth of these bands which are characteristic of bipy-:-
is accompanied by loss of bands arising from bipy0 , thus confirming the 
conclusion, based on the voltammetric results, that reduction occurs at the 
site of the bipy ligands. Upon further reduction, the bipy- bands roughly 
double in intensity and shift slightly to lower energy, and the bipy0 bands are 
no longer evident. 
For all of the reduced species, the visible spectrum consists entirely of 
bands arising from coordinated bipy-. From comparison of these spectra in 
the region 6000 to 30000 cm- 1, we can determine if the different "spectator" 
ligands A influence the bipy- chromophore. 
The spectra of [lr(bipy 0 )(bipy-)(py)2] 2+ and [Ir(bipy-)2(py)2]+ are 
virtually indistinguishable from those of, respectively, [Ir(bi py0 )2 (bi py-)] 2 + 
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and [Ir(bipy0 )bipy-)2]+. This is not unexpected, since the two pyridine 
ligands should be very close to one bipy in terms of electronic influence, if 
not symmetry. However, the spectra of [Ir(bipy0 )(bipy-)(acac)]+ and 
[Ir(bipy-)2(acac)] 0 are clearly not strictly analogous to those of the singly-
and doubly-reduced bis pyridine complexes. Similarly, the spectrum of 
[Ir(bipy 0 )(bipy-)Cl2] 0 does not exactly resemble any of the spectra of the 
other monoreduced species (the second reduction product, [lr(bipy-)2 Cl 2]-, 
could not be stabilised in the electrosynthetic cell). 
Although the spectra show that, for example, species containing one 
reduced bipyridyl ligand are readily comparable, it transpires that this is not 
the only comparison to make. Instead, we need also to compare the spectra of 
species having the same number of anionic ligands; that is, complexes having 
the same net charge (see Table 2.4. 7). This can be attributed to the influence 
of neighbouring ligands on bipy 0 and bipy- chromophores. 
The bands in the spectra of [lr(bipy)2(py)2] 2+1+ can be assigned by 
analogy with the same bands which occur in the spectra of [lr(bipy)3] 2+/+ 
because in both cases the parent molecule contains only neutral ligands of 
similar donor properties and carries at 3+ charge. The neutral species would 
not, of course, be directly comparable as the bis pyridine complex would 1n 
this case contain a doubly-reduced bipy ligand. There are two principal peaks 
in the visible spectra of [lr(bipy)2(py)2] 2+ and [lr(bipy)3] 2+, at 20400 and 
25600 cm- 1, corresponding to 1t1t* transitions on the reduced bipy ligand. On 
further reduction to the monocation these peaks increase in intensity and 
shift to slightly lower energy (19800 and 25400 cm-1 ), and a new peak is 
observed at 28400 cm-1, which has been assigned to bipy- ~ lr(III) LMCT [16]. 
The spectrum of the singly-reduced acac complex, [lr(bipy)2(acac)]+, has 
three main bands in the visible region, at 19900, 25100 and 28100, and is this 
similar in appearance to the spectra of doubly-reduced [lr(bipy)2(py)2]+ and 
[Ir(bipy)3]+, rather than matching the spectra of the monoreduced species. 
Table 2.4.6. Comparison of Absorption Bands in [lr(bipy)2A2] 0 + (cm-1). 
n 
n=2 
n = 1 
n=O 
[lr(bipy)3]n+ 
20400 
25700 
32800 
39300 
19800 
25400 
37900 
19400 
27050 
37300 
[Ir(bipy)2(py)2]n + 
20400 
25600 
32900 
39000 
19900 
25300 
37400 
[lr(bipy)2(acac)]Il + 
19900 
25100 
27600 
19400 
26700 
36900 
[Ir(bipy)2Cl2]n + 
19700 
27100 
'° -..l 
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Complexes carrying an overall neutral charge also display collectively 
similar spectra. [Ir(bipy)3] 0 , [Ir(bipy)2(acac)] 0 and [Ir(bipy)2Cl2] 0 , which 
contain three, two and one reduced bipy ligand(s) all display a band at 19400 
cm -1 (bipy- 1t1t*) and a very intense (LMCT) band at ca. 27000 cm- 1. The strong 
27000 cm- 1 band is not seen, for example, in cationic [Ir(bipy)2(py)2]+. 
To a large extent, then, the electronic spectra of the bipyridyl radical 
anion is influenced simply by the number of anionic species in the 
coordination sphere, so that two chloride ligands are indistinguishable from 
two bipy- ligands, or from one bipy- ligand and one acac, in terms of spectral 
appearance. 
This is not an absolute rule, however, as can be seen on consideration of 
the spectra of [Ir(bipy)2(en)] 2+/+. Ethylenediamine is a neutral ligand, but, 
from the voltammetric results, appears to be more like acac regarding its 
effect on the bipy 1t * levels. The electronic spectrum of the singly-reduced 
complex is quite similar in the visible region to that of, say 
[lr(bipy)2(py)2] 2+, with bands at 20300 and 25600 cm- 1. However, 
[Ir(bipy)2(en)]+, being doubly-reduced, displays a spectrum which 1s not 
analogous to that of [Ir(bipy)2(py)2]+ or [Ir(bipy)2(acac)]+, but rather 
appears to be halfway between the two, in the region 25000 - 30000 cm- 1. In 
order to gain a fuller understanding of these spectra it would be necessary to 
include a wider range of ligands than have thus far been introduced to the 
lr(bipy)2 chromophore. This is indeed feasible, as the synthetic routes 
detailed in Chapter 1 are very versatile. On the basis of the results so far, we 
can conclude that while the level of n;duction of [Ir(bipy)2A 2]n+ absolutely 
controls the emergence of the bipy- spectrum, the spectra of the reduced 
species also reflect finer distinctions in electrostatic charge and donor 
character between the ligands A, as in the case of acac and ethylenediamine 
which have a similar effect on the reduction potentials. 
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While, for the systems studied thus far, the formal charge frequently 
correlates with spectral type, what matters lS the relative overall influence of 
the ligands on the iridium (III) centre and on the bipyO and bipy-
chromophores. Thus c1- - acac- - bipy- < en, and the charge on A IS ultimately 
incidental. 
Most importantly, it is clear that the spectra of all of the reduced 
species must be described in terms of isolated Ir-bipy0 and Ir-bipy-
chromophores, as used in modelling the electronic structure of [Ir(bipy)3]3+. 
The above results demonstrate that the localised charge model is appropriate 
even with lower symmetry and with a wide range of ligands A. 
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CHAPTER3 
Luminescence Characteristics of [Ir(bipy)2A2] 0 +, 
[Ir(bipy)0 (phen)3_0 ]3+ (n = 0, 1, 2, 3), and [IrMe2bipy)3]3+ 
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SECTION 3,1 IN1RODUCTION 
This phenomenon of luminescence, although it is widely studied, is not 
a common one - most substances do not luminesce. Luminescence has been 
observed, however, from very different sorts of molecules: conjugated 
organic dyes, transition metal complexes, compounds of the rare earths, 
biological systems. While these species may be chemically very dissimilar, it 
happens that, in each case, the arrangement of the electronic energy levels 
IS such that luminescence is possible. 
Transitions between electronic energy levels typically occur in the 
region of the spectrum between about 5000 and 50000 cm- 1. If a molecule IS 
excited with light of the appropriate frequency, quanta will be absorbed and 
electrons promoted to higher energy levels, and thus an excited state is 
formed. Within each electronic state there may be several vibrational energy 
levels separated by 200-3000 cm-1. In the general case, the energy absorbed 
during the electronic transition will be quickly dissipated through these 
vibrational modes, and the molecule is able to return to the ground state 
without undergoing any spontaneous electronic transitions. But where 
effective vibrational modes are not available to relax the system, em1ss1on 
may be observed. 
The absorption of light produces, initially, an excited state of very high 
energy, and the molecule will immediately relax to the lowest electronically 
excited state, from which emission occurs, via a series of radiationless 
(vibrational) transitions, called internal conversions [ 1]. The excess energy IS 
lost as heat, through the vibrational modes of the molecular framework, or 
through the lattice modes (phonons). Although the molecule has undergone 
some electronic relaxation in reaching the emitting state, it has not reached a 
true equilibrium. The process of absorption followed by internal conversion, 
described above, occurs on the sub-nanosecond timescale, and the lowest 
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electronically excited state is reached before the internuclear distances are 
fully adjusted to the new electronic configuration. However, through further 
internal conversion, the emitting molecule is in a pseudo-equilibrated state 
(Figure 3.3. lA). 
For organic molecules, emission usually occurs with retention of spin; 
that is, the ground and excited states have the same spin multiplicity (almost 
always singlet). Such emission, termed fluorescence, is extremely fast since it 
is strongly spin-allowed, and the transition therefore has a high oscillator 
strength. 
Where there are heavy atoms in the molecule, such as halogens or 
transition metals, spin-orbit coupling effects may induce intersystem 
crossing, from a singlet to a spin triplet excited state. The transition from the 
triplet excited state to the ground state is now spin-forbidden and so the 
process is slow, having a low oscillator strength. This spin-forbidden emission 
is called phosphorescence (Figure 3.1.1B). 
Absorption and emission bands which are derived from transitions 
between the same two electronic states do not generally have maximum 
intensity at the same energy, even though the transition between the zero-
point energies of the ground and excited states (the origin or zero-phonon 
line) is the same in each case. In each case the bands may be subject to 
vibrational broadening, as both absorption and luminescence involves 
transfer of an electron to a number of vibrational levels of the receiving 
state. The difference between absorption and luminescence maxima, known as 
the Stokes' shift (Figure 3.1.1) depends on the difference in the equilibrium 
geometries of the upper and lower states. Where the differences are large 
(e.g. ligand-field states) the bands will be very broad and the Stokes' shift 
large, but with small differences we expect sharp bands and narrow Stokes' 
shifts. 
r 
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The radiative lifetime ('tr) of an emitting state IS defined as the 
reciprocal of the radiative rate constant (kr ). The more allowed the transition 
is, the faster the state emits and the shorter the radiative lifetime. Fluorescent 
states have lifetimes of only nanoseconds, while phosphorescent organic 
molecules may have lifetimes approaching 1 s. However, as a consequence of 
their longevity, phosphorescent states are much more prone to deactivation 
by competing nonradiative processes, which shortens the observed lifetime. 
The term "quantum efficiency" refers to the extent of quenching by 
nonradiative pathways, and is given by the ratio of the radiative and 
nonradiative rate constants, kr/knr· 
The luminescence observed from transition metal complexes is usually 
phosphorescence, but is much faster than the phosphorescence observed for 
organic molecules because the strong spin-orbit coupling effects associated 
with the metal atom break down spin-quantisation and cause the emission to 
become more allowed. 
The decay of the luminescence from any single state is exponential, 
regardless of the quantum efficiency of that state. Luminescence derived 
from a number of states will also decay exponentially, provided the states are · 
in thermal equilibrium. Non-exponential decay kinetics . are usually an 
indication of sample artefacts, such as impurity or matrix inhomogeneity, 
although there are some examples of apparently genuine 'dual emitters '. The 
phenomenon of dual emission is treated more fully in Chapter 4. 
The majority of the published data on the luminescence of Ir(III) a-
diimine complexes has to date been concerned with the dichloro complexes, 
[IrL2Cl2]+ [2-7], since these may be obtained with relative readiness. These 
complexes are interesting because the charge-transfer emitting state IS very 
close in energy to the next lowest level, which is the 1t1t * state. By varying the 
substituents on the a-diimine ligands or even the solvent system, it was 
possible to vary the energy gap between the two states and thus vary the 
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extent of the configuration interaction between them [2,6] . With a smaller 
* energy gap, more 1t1t character was evident in the emiss1on, and In the 
longer lifetimes which were observed. There have also been reports of 
ligand-field states in these complexes contributing to the luminescence [8,9], 
and this is discussed in Chapter 4. 
The synthetic routes developed In our laboratory have given access to 
several new bis bipyridyl complexes, [Ir(bipy)2A 2]n+. It has been possible, 
therefore, to assess the effect on the luminescence of varying the 'spectator' 
ligands which are bound directly to the metal centre. This investigation 
should complement the studies mentioned above, where only the substituents 
on the a-diimine ligands themselves were varied. 
In addition, the luminescence of the three new tris a-diimine Ir(III) 
complexes has been measured. Comparison of the photophysical properties of 
[Ir(Me2bipy)3] 3+, prepared for the first time in this laboratory, and 
[Ir(bipy)3] 3+ [10,11] which has been studied previously, reveals the effect of 
methylation on a 1t1t * luminescence. [Ir(bipy)2( phen)] 3+ and 
[Ir(phen)2 (bi py)] 3 + display luminescence characteristics comparable to 
those of [Rh(bipy)2(phen)]3+ and [Rh(phen)2(bipy)]3+ [12,13] both of which 
belong to the controversial class of inorganic dual emitters. The behaviour of 
the rhodium and iridium mixed bipy/phen complexes differs from that of 
[Ru(bipy)2(phen)]2+ and [Ru(phen)2(bipy)]2+ [13,14]. 
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SECTION 3.2 RESULTS 
Emission Spectra 
The em1ss1on spectra of the seven new species and of [Ir(bipy)3]3+ and 
Ir(phen)3]3+, measured in 4:1 ethanol-methanol at 77K, are displayed in 
Figures 3.2.1 to 3.2.9 , together with the absorption and excitation spectra 
recorded under the same conditions. Spectra for [lr(bipy)3] 3+ and 
[lr(phen)3]3+ were recorded so that meaningful comparisons could be made. 
All of the bis bipyridyl complexes, [lr(bipy)2A 2]n+ ( A = CH3CN, py; A2 = 
en, acac ), show emission spectra which are very similar to that of 
[Ir(bipy)3]3+ (Figure 3.2.6). The origin feature occurs very near 22200 cm- 1 
1n every spectrum, except that of [lr(bipy)2(MeCN)2] 3+ (Figure 3.2.3) where it 
1s shifted to 22300 cm- 1, and the progressions which follow are virtually 
indistinguishable from one another. The emission of [lr(bipy)3] 3+ has been 
observed previously [ 10, 11] and has been assigned as 1t1t * phosphorescence. 
Considering the strong similarity between the spectra of [lr(bipy)2A 2]n+ and 
[lr(bipy)3]3+, it seems likely that the emission from the bis bipyridyl 
complexes also originates from the bipy 1t1t * state. 
The emission spectrum of [lr(Me2bipy)3]3+ (Figure 3.2.5) also closely 
resembles that of [lr(bipy)3] 3 +, but the origin feature for the methylated 
complex is shifted to higher energy by 200 cm- 1. In contrast, the origin 
feature in the spectrum of [lr(phen)3]3+ (Figure 3.2.9) is coincident with the 
origin of [lr(bipy)3]3+, at 22200 cm-1, but the rest of the spectrum is 
significantly different. Throughout the series [lr(bipy)n(phen)3-n] 3 + 
(Figures 3.2.6 to 3.2.9) we see, on careful scrutiny, a progressive change 1n 
the profile of the emission spectrum: as phen replaces bipy, there is less 
intensity 1n the tail of the spectral progression, and also somewhat less 
structure to the band envelope, but the spectra of the two mixed bipy/phen 
Figure 3.2.1. Absorption (A), Excitation (B) and Luminescence (C) Spectra of [lr(bipy)2(acac)]2+ 
( 4: 1 ethanol-methanol, 77K) 
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Figure 3.2.2. Absorption (A), Excitation (B) and Luminescence (C) Spectra of [lr(bipy)2(en)]3 + 
( 4: 1 ethanol-methanol, 77K) 
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Figure 3.2.3. Absorption (A), Excitation (B) and Luminescence (C) Spectra of [lr(bipy)2(CH3CN)2]3+ 
(4:1 ethanol-methanol, 77K) 
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Figure 3.2.4. Absorption (A), Excitation (B) and Luminescence (C) Spectra of [lr(bipy)2(py)2]3+ 
(4:1 ethanol-methanol, 77K) 
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Figure 3.2.5. Absorption (A), Excitation (B) and Luminescence (C) Spectra of [lr(Me2bipy)3]3 + 
(4:1 ethanol-methanol, 77K) 
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Figure 3.2.6. Absorption (A), Excitation (B) and Luminescence (C) Spectra of [lr(bipy)3]3 + 
(4:1 ethanol-methanol, 77K) 
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Figure 3.2.7. Absorption (A), Excitation (B) and Luminescence (C) Spectra of [lr(bipy)2(phen)]3+ 
( 4: 1 ethanol-methanol, 77K) 
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Figure 3.2.8. Absorption (A), Excitation (B) and Luminescence (C) Spectra of [lr(phen)2(bipy)]3+ 
(4:1 ethanol-methanol, 77K) 
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Figure 3.2.9. Absorption (A), Excitation (B) and Luminescence (C) Spectra of [lr(phen)3]3+ 
( 4: 1 ethanol-methanol, 77K) 
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complexes resemble that of [Ir(bipy)3] 3+ more closely. The ong1n, however, 
remains invariant. 
Decay Kinetics 
Decay profiles were measured at three selected wavelengths for each 
complex. Provided that the emission is derived entirely from one state or 
species (or several states which are in thermal equilibrium), the decay should 
be exponential throughout the spectrum, with the same lifetime obtained 
regardless of detection wavelength. 
With the exception of [Ir(bipy)2(phen)]3+ and [Ir(phen)2(bipy)]3+ all 
of the complexes gave nearly exponential decay, and the lifetimes obtained at 
different wavelengths were in good agreement (Table 3.2.1), within 
experimental error (when the decay is not exactly exponential some 
wavelength dependence is to be expected). The only discrepancy was that 
with 450 nm detection, the decay of [Ir(bipy)2( ac ac)] 2+ was non-exponential, 
with a relatively fast (t < 1 µs) component observed in the initial stages. This 
transient was not evident at longer wavelengths, and may have been caused 
by some contamination in the sample. 
Within the series [Ir(bipy)2A2] 3+, the lifetime of the em1ss1on shows a 
strong dependency on the nature of A. The shortest lifetime of 9 µs, observed 
for [Ir(bipy)2(acac)] 2+, might be more suggestive of CT emission than of 1t1t* 
(see later). Somewhat longer lifetimes of 15 and 21 µs are found for 
[lr(bipy)2(CH3CN)2]3+ and [lr(bipy)2(en)]3+ respectively, and a further 
increase to 35 µs occurs for [lr(bipy)2(py)2] 3+. Deuteration of the pyridine 
ligand causes the lifetime to lengthen to 46 µs. Amongst the bipy species, 
[lr(bipy)3] 3+ itself displays the longest lifetime, of 52 µs. Methylation of the 
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Table 3.2.1 Emission Lifetimes of lr(III) a-Diimine Complexes 
Measured in Ethanol-Methanol at 77K 
Complex 450nm 
[Ir(bipy )2cacac) ]2+ 6.4* 
[Ir(bi py )2( CH3 CN)2] 3+ 15.3 
[Ir(bipy )2( en) ]3+ 20.2 
[Ir(bi PY )2 (py )2] 3+ 36.0 
[Ir(bipy)2(d5-py)2]3+ 46.1 
[Ir(bipy)3]3+ 52.1 
[Ir(bipy)2(phen)]3+ 87.7* 
[Ir(phen)2(bipy) ]3+ 218.9* 
[Ir(phen)3]3+ 849.9 
[Ir(Me2bipy)3]3+ 37.2 
*strongly nonexponential 
Lifetimes (µs) 
510nm 
8.6 
15.4 
20.9 
35.7 
45.7 
52.3 
82.4* 
120.6* 
848.0 
36.8 
550nm 
8.7 
15.1 
20.7 
34.4 
47.2 
52.3 
80.2* 
107.2* 
861.1 
37.9 
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ligand causes a substantial reduction 1n the lifetime, to the 37 µs measured for 
[Ir(Me2bi PY )3 ]3 +. 
[Ir(phen)3]3+ displays by far the longest lifetime of all the complexes 
studied, with 850 µs. Decay curves for the other phen-containing species, 
[Ir(bipy)2(phen)]3+ and [Ir(phen)2(bipy)] 3+, are strongly non-exponential 
at all wavelengths, and the "lifetimes" calculated, assuming exponential 
decay, show considerable wavelength dependence (80 - 88 µs and 107 - 219 µs 
respectively). 
Absorption and Excitation Spectra 
The absorption spectra of all complexes 1n room temperature solution 
have been described in Chapter 1. In a glassy environment ( 4: 1 ethanol-
methanol, 77K), the spectra become sharper, so that broad features are more 
resolved. Also, it is desirable to have absorption spectra collected in the same 
medium as the emission spectra. For all of the species [lr(bipy)2A 2]n+ the 
absorption spectrum is very similar to that of [lr(bipy )3] 3 +, being dominated 
10 the u. v. region by intense 1t1t * bands. 
The excitation spectra of all 9 complexes were also measured, in order 
that the weak, low energy bands 1n the region 29000-20000 cm- 1 could be 
detected. An excitation spectrum is obtained by scanning the wavelength of 
the excitation source and plotting the intensity of the emitted light as a 
function of excitation wavelength. At low concentrations (optical density - 0.2 
- 0.5) the excitation spectrum of a chromophore will be identical 1n 
appearance to its absorption spectrum, since the amount of light emitted 1s 
exactly proportional to the amount of light absorbed. With higher sample 
concentrations the amount of light absorbed, and hence emitted, can reach a 
maximum. Strong bands in the excitation spectrum then become "truncated"; 
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squared off at the peak. Weak bands are thus enhanced relative to the rest of 
the spectrum and this can be extremely useful. This is not a feature of 
absorption spectra, as in this case the absorbance has a logarithmic 
relationship to the intensity of the light (Beer's Law) and the bands are thus 
kept on scale to a greater extent than in excitation. 
The excitation spectra of the species [Ir(bipy)2A 2]n+ revealed, 1n each 
case, a manifold of 2-3 weak bands, the lowest of which appeared at 
22400 cm- 1. The only exception to this was [Ir(bipy)2(MeCN)2]3+, for which 
the lowest energy band occurred at 22450 cm- 1. These weak bands were also 
discernible 1n the spectrum of [Ir(bipy)2(phen)J 3+, and again the lowest 
energy feature occurred at 22400 cm- 1. For [Ir(phen)2 (bi py)] 3 + and 
[Ir(phen)3]3+ the lowest energy features occurred on the tail of a much more 
intense band and so were very poorly resolved. [Ir(Me2bipy)3] 3+ has the 
lowest energy band at 22800 cm- 1, shifted to higher energy by 400 cm- 1 
compared to [Ir(bipy)3]3+. 
SECTION 3.3 DISCUSSION 
Table 3.3.1 lists, for each complex, the maxima of the low energy 
excitation bands, the energy of the first emission maximum, and the 
difference between the lowest excitation and highest emission maxima, where 
both are available. In most cases, the overlap between the lowest energy band 
1n the excitation spectrum and the highest energy band in the em1ss1on can 
be clearly seen. This is a strong indication that the bands have the same 
origin (zero-phonon line); they arise from transitions between the same two 
electronic states. The band maxima do not coincide, however, as broadening 
occurs 1n both absorption (excitation) and emission. For a 1t1t * transition, the 
Stokes' shift caused · by the vibrational modes of the molecule is not expected to 
Table 3.3.1. 
Complex 
[Ir(bipy )3]3+ 
[Ir(bi py )2( acac) ]2+ 
[Ir(bipy)2(en)]3+ 
[Ir(bipy )2 (py )2] 3+ 
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Excitation and Luminescence Spectra of Ir(III) a-Diimine 
Complexes Measured in Ethanol-Methanol at 77K 
Excitation (Vmax) Luminescence (Vmax) ~a 
22400 22200 200 
24000 
25600 
22400 22200 200 
24000 
25000 
22400 22200 200 
23900 
25000 
22400 22200 200 
23900 
[Ir(bipy)2(CH3CN)2]3+ 22450 22300 150 
24000 
[Ir(Me2bipy)3]3+ 22800 22400 400 
24350 
25900 
[Ir(bipy)2(phen)]3+ 22500 22200 300 
24000 
25400 
[Ir(p hen )2 (bi py)] 3+ b 22200 
23900 
[Ir(phen)3]3+ b 22200 
a ~=Difference in energy between excitation maximum and luminescence maximum. 
b Shoulder 
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be large, (since the changes in geometry in forming the excited state should 
be negligible) but there will be a small shift (ca . 50 cm- 1) caused by the 
lattice modes (phonons) of the ethanol-methanol matrix. The shift we observe 
amongst these lr(III) a-diimine complexes are actually somewhat greater 
than 50 cm- 1. [lr(bipy)3]3+ is an established 1t1t* emitter [10,11], and the shift 
determined for this complex in the present study is 200 cm-1 . However, there 
can be little doubt that the excitation band at 22400 cm-1 in the spectrum of 
[Ir( bi p y) 3] 3 + is derived from the transition between the ground state and the 
emitting state, which means this must be a 31t1t* band. The weakness of this 
band reflects the fact that it is derived from a spin-forbidden transition, 
whereas the strong 7t 7t * bands which occur above 
30000 cm- 1 in the absorption spectra are from transitions to the 11t1t * states, 
which are highly allowed. 
The emission spectra of all of the bis bipy complexes are strikingly 
similar to that of [lr(bipy)3]3+, and the magnitudes of the Stokes' shifts 
scarcely vary. This is strong evidence that for all of these [lr(bipy)2A 2]n + 
complexes the luminescence is derived from a 1t1t * state. The Stokes' shift is 
slightly increased for [lr(Me2bipy)3]3+, but the overlap between absorption 
and emission is still obvious. On consideration of the close electronic 
similarity between this complex and [lr(bipy)3]3+, it seems unlikely that the 
emission could be anything other than 1t1t * in origin. The fact that the 
em1ss1on is shifted to higher energy for [lr(Me2 bi py) 3] 3 +, by 
200 cm- 1, shows that 4,4' -methylation of the bipy ligand has raised the 
energy of the 7t7t * state; this is also evident in absorption. 
The presumed overlap between excitation and emission spectra 1s not 
evident for [lr(phen)3] 3 + and [lr(phen)2 (bi py)] 3 +, although the first 
emission maximum occurs at the same energy as observed for [lr(bipy )3] 3 + 
and [lr(bipy)2(phen)]3+. This is because the lowest energy feature in the 
excitation spectra of the former complexes occurs as a shoulder on the tail of a 
d 
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much more intense band, and is thus poorly resolved. For several reasons, we 
feel the luminescence of the two new species, [Ir(bipy)2(phen)] 3+ and 
[I r(phen)2 (bi py)] 3 +, must be assigned as 1t1t * phosphorescence. Most 
convincingly, the luminescence of both [Ir(bipy)3]3+ [10,11] and 
[Ir(phen)3]3+ [15,16] is derived from a 1t1t* state and the emission spectra of 
the mixed complexes are very similar in energy and structure to these 
spectra, more so to bipy. Also, the spectra of the series [Ir(bipy)n(phen)3-n]3 + 
bear close resemblance to the spectra of [Rh(bipy)n(phen)3-n]3+ [12,13], both 
in absorption and emission, to the extent that the first emission maximum 
occurs at the same energy (22200 cm- 1) for all 8 complexes in ethanol-
methanol. The luminescence from the four rhodium complexes has also been 
* assigned as 1t1t [ 13]. 
The lifetime of a luminescent state 1s often a very useful parameter 
from which the nature of the state may be deduced. Usually, charge-transfer 
luminescence has a lifetime of the order of some microseconds, while 1t1t * 
states are somewhat longer-lived, up to milliseconds. 
The lifetimes obtained for the complexes in the present study cover a 
broad range, from 9 µs to 850 µs. This might be an indication that the nature of 
the emitting state is being altered significantly. However, none of the decay 
curves obtained were strictly exponential. [lr(bipy)2 (phen)] 3+ and 
[lr(phen)2(bipy)]3+ gave strongly nonexponential decay, but for the other 
complexes, the deviation from an exponential was only slight. This slight 
deviation is, in fact, good evidence that all of the complexes emit from a 1t1t * 
state. The zero-field splitting between the levels of a 37t7t * state is around 
. 
0.1 cm- 1, whereas a 3 MLCT state would display a much larger splitting. With a 
very small splitting, thermal transitions within the triplet state are very slow, 
so the three levels emit almost independently. The lifetimes of these states can 
be quite different, in which case non-exponential behaviour will be 
observed. The small deviations we observe are of the order predicted by this 
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model. A more detailed discussion of non-equilibrated emission is included in 
Chapter 4. 
This demonstrat~s that the emission lifetime is not always a reliable 
basis for the assignment of the emitting state. For most of the complexes the 
lifetime is typical for a 1t1t* transition, but [lr(bipy)2(en)]3+, 
[lr(bipy)2(CH3CN)2] 3+ and especially [lr(bipy)2(acac)] 2+ have much shorter 
lifetimes. Nonetheless, the profiles of the decay and the Stokes' shifts show, in 
each case, th~t the emission should be assigned as 31t1t *. 
It is possible to assign the emission from a 37t7t * state unambiguously if 
a Zeeman pattern, corresponding to an s = 1 triplet, can be observed. This is 
achieved using a technique called Resonance Line Narrowing (R.L.N.), which 
has been used recently in studying, another tris a-diimine complex, 
Ru(II) tris(3 ,3 '-biisoquinoline) [ 17]. It would be advantageous to perform 
R.L.N. on representative complexes 1n the present study, as this would dispel 
any uncertainty regarding the nature of the luminescence. 
The profound changes in lifetime which are brought about by varying 
the nature of A in the series [lr(bipy)2A 2]n+ may be caused by several factors. 
Most obviously, one might expect that, since the molecules i:nust have 
different vibrational modes associated with A, some of these modes may be 
more efficient in deactivating the emitting state by radiationless pathways. 
However, the wide range over which the lifetimes are spread would then 
require that the quantum efficiencies must also be greatly affected, so that 
[lr(bipy)2(acac)] 2+, with a lifetime of only 9 µs, would be a much weaker 
emitter than [lr(bipy)3 ]3+, which has a lifetime of 52 µs. Qualitatively, no 
reduction in emission intensity was seen. Alternatively, the variations in 
lifetime may also be caused by changes in the radiative lifetime, which 1s 
intrinsic to the emitting state. The radiative decay rate is dependent largely 
on how "allowed" a transition is, or rather, on the associated oscillator 
strength. Phosphorescence is a spin-forbidden process, and transitions are 
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made possible only by spin-orbit coupling. It follows, then, that the extent of 
the spin-orbit coupling also determines the oscillator strength, and hence the 
radiative decay constant, of a phosphorescence. Thus, if varying A affects the 
spin-orbit coupling mechanism, this should be reflected in the radiative 
lifetime of the emitting state. 
Another, related, possibility 1s that the identity of A influences the 
separation between the 7t7t * emitting level and the CT state, just as observed 
elsewhere for the dichloro complexes [ 1]. The difference is that 1n this case 
we would be introducing MLCT character to a 1t1t* luminescence, whereas the 
emission of [lrL2Cl2]+ is usually predominantly MLCT. This is especially likely 
for [lr(bipy)2(acac)] 2+, for which an absorption feature similar to the 
charge-transfer manifold observed for [lr(bipy )2 Cl 2] + is found, indicating 
that the charge-transfer state lies to lower energy in the acetylacetonato 
complex than in any of the other species [lr(bipy)2A 2] 0 +. With more MLCT 
character in the luminescence, we would expect a decrease in lifetime. At 
present this appears to be the most likely explanations for the widely ranging 
lifetimes within the series of bis bipyridyl complexes but measurement of the 
quantum efficiency of each emission would demonstrate clearly whether the 
variation could be attributed to differing radiationless -mechanisms. 
Deuteration effects similar to that observed here for [Ir(bipy)2(py)2] 3+, 
where deuteration of the pyridine ligands lengthened the lifetime from 35 to 
46 µs, have been reported for other a.-diimine complexes of lr(III) and Ru(II) 
[6,8, 18]. Emission lifetimes are generally lengthened upon deuteration, as the 
C-D vibrational modes, being lower in frequency than the C-H modes, are less 
efficient in deactivating the emitting state. The extent of the effect depends 
on the lifetime itself: short-lived states, which are less susceptible to 
radiationless deactivation anyway, show little lifetime dependence, whereas 
states which have lower quantum efficiency may show quite marked 
increases in lifetime upon deuteration of the molecule. 
d 
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[Ir(Me2bipy)3]3+ displays a shorter em1ss1on lifetime (37 µs) than 
[Ir(bipy)3]3+ (52 µs). This might be attributed to the vibrational modes 
associated with the methyl groups, which probably enhance thermal 
deactivation of the emitting state. Lifetimes measured elsewhere for the 
corresponding dichloro complexes under the same conditions are, however, 
extremely close: 5.91 and 5.94 µs for [lr(Me2bipy)2Cl2]+ and [lr(bipy)2Cl2]+ [2]. 
This is because the predominantly charge-transfer emission observed from 
the dichloro complexes is relatively short-lived anyhow, and hence is less 
susceptible to radiationless effects than the longer-lived 1t1t* em1ss1on of the 
tris complexes. It seems likely therefore, that the shorter lifetime observed 
for [lr(Me2bipy)3]3+ 1s indeed due to an enhancement of deactivation by 
vibrational pathways, rather than an increase in the radiative rate constant. 
The emission spectra of the mixed bipy-phen complexes of Ir(l11) are 
very similar to those of the analogous Rh(III) systems, [Rh(bipy)2(phen)] 3 + 
and [Rh(phen)2(bipy)] 3+ [12,13]. Both series [M(bipy)n(phen)3-n] 3+ show a 
progressive shift in spectral profile with n, while the origin remains 
unaffected and the changes observed are very similar whether M = Rh or Ir. 
This shift 1s not steady: the spectra of the mixed Ir(bipy/phen) complexes 
more closely match that of [lr(bipy)3]3+, although there is also a resemblance 
between the spectra of [Ir(phen)2(bipy)]3+ and [Ir(phen)3]3+. It has been 
noted earlier (see Chapter 1) that the absorption spectra of the corresponding 
Rh(III) and Ir(III) complexes also show a close resemblance. More 
significantly, [ (bipy)2(phen)]3+ and [Rh(phen)2(bipy)]3+ display non-
exponential decay of the luminescence, just as observed here for the iridium 
complexes. 
The photophysical behaviour of the Rh and Ir complexes is in contrast 
to that shown for [Ru(bipy)2(phen)]3+ and [Ru(phen)2(bipy)]3+ [14]. The 
appearance of the emission spectrum does not vary appreciably for 
[Ru(bipy)n(phen)3-n] 2+, where one has MLCT excitation, but the origin does 
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shift to lower energy with higher values of n. In addition, exponential decay 
is observed for all four members of the ruthenium series, with a gradual 
lengthening of the em1ss1on lifetime as phen replaces bipy in the 
coordination sphere. 
It can be seen therefore, that while the Ru and Rh complexes both 
display multiple em1ss1on (from bipy and from phen), the emission is 
exponential and therefore equilibrated in the case of ruthenium, while the 
rhodium systems can be considered to be true "dual" (i.e. non-equilibrated) 
emitters. 
It has been shown for the senes [Ru(bipy)n(d8-bipy)3-n] 2+ (d8-bipy = 
perdeuterio-2,2 '-bipyridyl, n = 0, 1,2,3) that the emission from complexes with 
n = 0, 1,2 is derived solely from CT states associated with the deuterated ligands 
[ 18]. Deuteration decreases .1E between the zero-point energies of the emitting 
state and the ground state, so that the Ru ~ d8-bipy MLCT state lies to lower 
energy than the Ru ~ bipy MLCT state. However, the decay, which 1s 
exponential for all n, shows a gradual lengthening with decreasing n. This is 
because deactivation of the emitting states by vibrational processes produces, 
initially, a highly vibrationally excited level of the ground state. Thus the 
rate of decay is dependent on the vibrational modes of the molecule 1n its 
ground electronic state, which may of course include contributions from both 
C-D and C-H modes. 
This is similar to the behaviour noted above for the Ru mixed 
bipy/phen complexes, which also show exponential decay but for which the 
lifetime depends on the value of n. The exponential decay found for the 
members of the two series of Ru(II) a-diimine complexes means that the MLCT 
states associated with different ligands (bipy and d8-bipy, or bipy and phen) 
must be in thermal equilibrium. The Rh(III) and Ir(III) mixed bipy/phen 
complexes show strongly non-exponential decay, which requires that , in 
these cases, the 1t1t * states of the bipy and phen ligands are not equilibrated. 
128 
Clearly, then, the luminescence characteristics of [Ir(bipy )2 ( p hen)] 3 + 
and [Ir(phen)2 (bi py)] 3+ should be described using the same non-equilibrated 
model as applies to the corresponding Rh complexes. It might be expected, 
therefore, that the decay could be resolved into two exponential components, 
with one lifetime characteristic of bipy and the other of phen. Indeed, the 
non-exponential decay curves obtained for the iridium systems fit well 
mathematically to a dual exponential, giving only minimal residuals between 
the calculated and observed decay profiles. However, the lifetimes computed 
for the two components do not vary rationally with stoichiometry. The 
proportion of the total emission derived from bipy, or phen, is not expected to 
be identical at every wavelength: this is evident on comparison of the spectra 
of the parent tris complexes, [Ir(bipy )3] 3 + and [Ir(phen)3] 3 +. In particular, 
an increased contribution from bipy is expected at longer wavelength, since 
the tail of the emission progression becomes more intense with more bipy 
ligands in the molecule. 
If the decay curves for [Ir(bipy)2(phen)]3+ and [lr(phen)2(bipy)] 3 + 
are fitted to a single exponential, the "lifetimes" obtained, of around 80 and 
150 µs respectively, are closer to the 50 µs observed for [Ir(bipy)3] 3+ than the 
850 µs determined for [Ir(phen)3] 3+. This suggests that the overall emission 
has more bipy character than phen character, an inference which 1s 
supported by the observation above that the luminescence spectra of the 
mixed complexes bear more resemblance to the spectrum of [lr(bipy)3] 3 + 
than of [lr(phen)3] 3 +. The emitting state of the phen chromophore, as 
typified by [Ir(phen)3] 3 +, is extremely. long-lived, and is therefore more 
prone to deactivation by radiationless processes than a state of shorter 
radiative lifetime. It seems possible that the apparently weaker emission of 
the Ir-phen chromophore in the mixed bipy/phen lr(III) complexes is a 
result of decreased quantum efficiency rather than a slower radiative decay 
rate. However, quantum efficiencies have been measured for the series 
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[Rh(bipy)n(phen)3-n] 3+ [12] and these show a marked mcrease 1n quantum 
efficiency with lower values of n. In the light of these results, the weaker 
luminescence of phen, as compared to bipy, seems incongruous. We can only 
conjecture that the pathways by which the two emitting states are fed, from 
the initially-populated high-energy states, are slightly different. If the 
emitting state associated with the bipy ligand were fed by a more efficient 
pathway, this could be the reason for its dominating the spectra of the Ir(III) 
mixed chelates. 
EXPERIMENT AL 
The syntheses of the complexes studied 1n this Chapter have been 
described in Chapter 1. 
The apparatus used 1n the measurement of luminescence spectra and 
decay times consisted of an Oxford Instruments SM4 Cryomagnet, a Spex 1704 
monochromator and a Tektronix digital scope, with a Molectron UV-1000 
pulsed nitrogen laser as the excitation source. Emission spectra shown in the 
figures are uncorrected. Excitation spectra were collected using the same 
basic equipment, using a Xenon arc lamp to irradiate the samples. Absorption 
spectra were collected on a Cary 17 u.v ./visible spectrometer, using a flow-
tube to cool the samples. Data was logged into a MINC-11 computer and further 
processed on a VAX-11/750. These facilities, in Dr. Krausz's laboratory, have 
been detailed elsewhere [ 17, 18, 19]. 
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CHAPTER4 
Luminescence Properties of [Ir(bipy )2Cl2] + 
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SECTION 4.1 INTRODUCTION 
Emission may occur from two or more states simultaneously. Such 
multiple emission can be equilibrated, as in the case of [Ru(bipy)3]2+ [1-5] , 
or non-equilibrated, which occurs for [Ir(bipy)3] 3 + [6] or azulene [7]. 
Equilibrated multiple emission is observed when separation 
between the emitting levels, ~E, is of the order of kT, so that transitions 
between the levels can occur thermally and the states are populated 
according to a Boltzmann distribution. [Ru(bipy)3 ]2+ 1s a rather unusual 
example of a multiple emitter as the three emitting states have very 
different characteristics [5]; normally the states are similar in nature. 
The emitting states in [Ir(bipy)3 ]3+ are separated by only 
0.1 cm- 1 (these are the three spin sub-levels of a 1t1t * triplet). This 1s 
much less than the frequency of any molecular vibration, so transitions 
between the levels are not facilitated by the vibrational modes. Thus the 
states emit effectively independently, each with its characteristic 
lifetime. At the other extreme, the fluorescence from azulene is also 
derived from more than one state, but this time the states are separated 
by 14000 cm- 1, which is much greater than the frequency of the 
molecular vibrations. 
The key distinction between equilibrated and non-equilibrated 
multiple emission lies in the decay kinetics associated with each type. If the 
states are in thermal equilibrium the decay of the luminescence will be 
exponential, just as if it were derived from a single level. The observed 
lifetime of the decay will in effect be a weighted average of the lifetimes of 
the different states, depending on the population of each. 
If, however, the emitting levels are not in thermal equilibrium, the 
decay of the luminescence can be non-exponential. The three non-
equilibrated emitting states of [Ir(bipy)3] 3 + are very similar in energy and 
character; thus the lifetimes may not differ appreciably and the overall 
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decay is quite closely exponential [6]. But for azulene, the two emitting states 
are separated by ca. 14000 cm- 1, and have lifetimes which differ by an order 
of magnitude [7]. Non-equilibrated multiple emission is generally what IS 
meant by the term 'dual' emISSion. However, there have been several 
examples in recent years of transition metal complexes which display 
multiple emission, but In which the separation between the states is optimal 
for thermal transitions to occur. Thus these complexes should display 
equilibrated emission, but do not (8-15]. 
The ru-[IrL2Cl2]+ systems (where L = bipy, phen or substituted 
derivative thereof) are perhaps the most notable amongst these 
controversial systems. 
In 1975, Watts et al. first reported the anomalous photophysical 
properties of [Ir(phen)2Cl2]+ and [Ir(5,6-Me2phen)2Cl2]+ (11]. Earlier 
research on these and related systems had demonstrated that the lowest MLCT 
excited state and the lowest 1t1t* excited state were extremely close [16]. By 
varying solvent properties it was seemingly possible to introduce greater or 
lesser degrees of 7t 7t * character to the predominantly charge transfer 
luminescence. The energy of a CT transition is highly environment-
sensitive, as it effectively creates a dipole within the molecule, whereas a 
1t1t * transition is largely unaffected by variations in the medium. In more 
polar solvents, the CT emitting state of [IrL2 Cl 2]+ was shifted to higher 
energy, closer to the 1t1t* state, and the longer lifetimes which resulted were 
interpreted as arising from the greater degree of 1t 1t * character associated 
with the emitting state. Further, methylation of the phenanthroline ligand 
in the 5,6 positions was sufficient to raise the MLCT state above the 1t1t* state, 
so that the emission of [Ir(5,6-Me2phen)2Cl2]+ was assigned as 1t1t* in all 
media, in contrast to the CT emission of [Ir(phen)2Cl2]+. 
An unusual effect was observed for both [lr(phen)2Cl2]+ and [Ir(5,6-
Me2phen)2Cl2]+ in glycerol at temperatures between 77K and 273K [11]. 
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Significant discrepancies in spectral profile were observed using time-
resolved techniques; that is, spectra measured at different delay times after 
the laser pulse did not match. For a normal system, a spectrum measured at 
longer delay times will be less intense than one recorded soon after the laser 
pulse, since the luminescence decays exponentially. The spectra should, 
however, be identical in all other respects if they are derived from the same 
chromophore, and the lifetime and quantum efficiency should be 
independent of detection wavelength. 
For these complexes, shorter delay times resulted in enhancement of 
emission intensity in the red (600-800 nm) region and a shortening of the 
overall emission lifetime. This effect was seen over a wide temperature 
range (77K-273K) for which the decay of the luminescence was non-
exponential. Most significantly, the red emission did not decay immediately 
after the laser pulse but instead showed a short risetime before diminishing. 
The fact that this risetime was brief compared with the lifetime of the green 
emission was taken as indication that the two emitting states were fed by 
different relaxation pathways from higher levels and were not themselves 
connected. 
These results were interpreted in terms of the following model. There 
were two emitting levels for each complex; one, giving rise to the dominant 
emission (charge transfer or 1t1t*) gave the spectrum seen at long delay 
times and the contribution from the other, shorter-lived state could only be 
detected at short times after the pulse. This latter state, responsible for the 
red emission intensity, lay at lower energy in both complexes and was 
assigned as being dd* in origin [ 11 ]. 
An independent study of the same two compounds, in 1975, described 
the photophysics and photochemistry in mixed DMF/H20 solvents [12]. The 
chloride photoaquation which occurred in aqueous media was evidently 
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derived from an excited level other than that responsible for the em1ss10n 
observed in DMF. This reactive state was assigned as dd *, consistent with the 
earlier scenario [ 11], · but was considered to lie at higher energy than the 
charge transfer state, an inference based on comparison of photoaquation 
rates with em1ss1on intensity and lifetime data at temperatures between 77K 
and 295K. Then 1n 1977 the same authors published revised data for 
[Ir(phen)2Cl2]+ and [Ir(5,6-Me2phen)2Cl2]+ [13]. Many of the effects 
previously seen 1n the room temperature emission and photochemistry, 
including the extra red intensity seen 1n the luminescence, were attributed 
to a persistent, strongly-emitting impurity which could be substantially 
removed by repeated recrystallisation from methanol. At 77K the 
luminescence was unaffected by the contamination. Watts et al. subsequently 
published the results of a study carried out on the scrupulously purified 
complexes [14]. Time-resolved spectra and emission lifetimes were measured 
in fluid and crystalline DMF and as before revealed the contribution of more 
than one emitting state to the luminescence. In DMF, though, the lifetime of 
the lower energy dd * level was longer in both cases. As observed in glycerol 
the levels failed to attain thermal equilibrium at low temperatures. This was 
interpreted in terms of a rigid-matrix barrier to efficient energy conversion 
which came into operation as the solvent was cooled below freezing point. At 
room temperature no such hindrance prevented the states from 
therm ali sing. 
The peculiar phenomenon of non-thermally equilibrated dual 
em1ss1on was apparently not confined to these two complexes. Later 
research, published in 1979, showed similar behaviour for [Ir(bipy)2Cl2] + 
and the perdeuterated analogue [Ir(d8-bipy)2 Cl 2]+ [ 15]. The effect of 
deuteration was twofold; the lifetime of the red emission was much longer 
than in the protonated complex, and the relative red intensity was 
consequently greatly enhanced . The energy gap between charge transfer 
::d 
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and dd* states was estimated in each case and was found to be greater fo r the 
protonated species by approximately 170 cm· 1. It was claimed that this could 
be accounted for by comparing the expected contributions of the C-H and C-D 
modes to the zero-point energies (z.p.e. 's) of the ground and excited states. 
The lower frequencies of the C-D modes require that the z.p.e. of each state 1s 
lower upon deuteration, but while the z.p .e. 's of the ground state and the dd* 
state are reduced by the same amount, that of the MLCT state is affected to a 
slightly lesser degree. Thus, the energy of the MLCT emission is increased 
upon deuteration, but the energy of the dd* emission remains largely 
unaffected and hence .1E is larger for the deuterated complex. 
The differences in energy between the charge-transfer and dd* 
emitting states were apparently very similar for the phenanthroline and 
bipyridyl species. From band maxima and bandwidths .1E for [Ir(phen)2 Cl2]+ 
was estimated as 500 cm· 1 at 23 lK, though a Boltzmann plot of relative 
(red/green) emission intensity vs. temperature in fluid solution put the 
figure at 1100 cm-1 [14]. Similarly, values of 540 cm· 1 and 370 cm- 1 were 
obtained for the deuterated and protonated bipy complexes respectively [ 15]. 
If the states are in thermal equilibrium a separation of this order is 
acceptable. It is, however, difficult to reconcile the non-exponential 
behaviour foµnd at low temperatures 1n rigid matrices with such a small 
energy gap. 
Later investigations fnto [IrL2 Cl 2]+ photophysics [ 17-24] concentrated 
largely on the equilibrated systems, at room temperature; for instance the 
relative amounts of green and red emission could be altered by changing the 
nature of the solvent [19] or by control of the pressure [23]. Development of a 
model which describes the behaviour of the system over the entire 
temperature range has been pursued no further than the early suggestion 
of a low temperature rigid-matrix barrier which prevents thermalisation of 
the states [14]. 
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In the following chapter we present the data from experiments 
performed in our laboratory on [Ir(bipy)2Cl2]+ and [Ir(d8-bipy)2Cl2]+, over 
the temperature domain 1.6K - 77K. On the basis of these results we have 
formulated an alternative theory to explain the energetics of the emitting 
state at low temperatures. 
SECTION4,2 LUMINESCENCE SPECTRA AND DECAY TIMES 
Results 
In the present study, time-resolved em1ss1on spectra of carefully 
purified [Ir(h8-bipy)2Cl2]+ and [Ir(d8-bipy)2Cl2]+ were measured in DMF 
(Figure 4.2.1) and ethanol-methanol (4: 1 v/v, EM) (Figure 4.2.2) at 77K and 
using 337 nm pulsed laser light to excite the samples. A distinct time 
dependence was found in all cases and the effect of varying the delay was 
twofold. Spectra collected 30 µs after the laser pulse showed relatively more 
intensity at the lower energy end of the spectrum than was observed with 
shorter delay times (500 ns). This effect was more pronounced for the 
deuterated complex in either medium, and both complexes were affected to a 
lesser degree in ethanol-methanol, which forms a clear glass at 77K in 
contrast to the polycrystalline DMF samples. The results obtained in DMF 
were in good agreement with those previously reported for these complexes 
under the same conditions [ 15]. The second aspect of the time dependence is 
seen clearly towards the beginning of the band envelope, where the use of a 
long delay was found to cause a bathochromic shift in the green emission. 
This effect is most apparent in Figure 4.2.2, but actually occurs in both 
media. 
Figure 4.2.1. Time-Resolved Luminescence Spectra Measured in 
DMFat77K 
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Figure 4.2.2. 
400 
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Time-Resolved Luminescence Spectra Measured in 
Ethanol-Methanol (4:1 v/v) at 77K 
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Decay times were measured at two wavelengths (54 7 nm and 703 nm) 
for both complexes in both media and these were always longer at higher 
energy (Table 4.2.1). 
Table 4.2.1. Decay Times at 77K, usmg 337 nm Excitation. 
t(µs) 
547 nm 703 nm 
d8/DMF 4.4 15.9 
h8/DMF 5.1 5.9 
d8/EM 5.5 9.7 
h8/EM 5.3 5.4 
The term "lifetime" is not appropriate 1n these circumstances, as the 
emission decays non-exponentially and the emission lifetime refers 
specifically to an exponential decay. The decay times discussed in this 
chapter thus usually refer to the value obtained assuming exponential 
behaviour. 
Deuteration increased the decay time of the red emission, which was 
shorter in ethanol-methanol (EM) for both molecules. Decay times in DMF 
are in reasonable agreement with the corresponding values, at 547 and 703 
nm, of Watts et al.; 4.8 µs and 12.2 µs for the deuterated complex and 4.8 µs and 
5.9 µs for the protonated complex [ 15]. 
None of the decay curves measured were exponential, a good 
indication that the luminescence is derived from more than one species or 
state. Significantly, fitting the curves to a dual exponential gave no sensible 
improvement over the fits to a single exponential. 
For a multiple emitter which gives luminescence from n levels the 
overall decay should be composed of n exponential curves [25]. These curves 
should have lifetimes characteristic of their states of origin and a 
companson of the amplitudes associated with the curves should allow 
evaluation of the proportion of each state which is contributing to the 
140 
overall spectral intensity at a particular wavelength. Determination of the 
decay times and amplitudes over the entire spectrum may thus permit 
deconvolution of the spectra characteristic of each state, provided the decay 
can be fitted to the same two exponentials at each point. This technique 
should be equally applicable to equilibrated and non-equilibrated multiple 
emitters. The procedure has been fully described by Krausz [26] and has been 
used successfully in resolving spectra for the three-level emitter 
[Ru(bipy)3] 2+. Briefly, for a dual emitter, a computer program is used to 
calculate a global best fit to a dual exponential, using an iterative method, 
and gives the resulting two lifetimes together with the intensity residuals 
for the fit at each wavelength. The amplitudes associated with these two 
values are then used to plot out a low-resolution spectrum for each emitting 
state. 
Neither of the systems under study gave consistent values for lifetimes 
measured in the green and red regions of the spectrum so a global fit of the 
decay was attempted. Decay curves were measured at 36 points throughout 
the emission spectrum (in DMF), equally spaced on the wavenumber scale. 
The residuals showed substantial deviation when fit to a single exponential; 
however virtually all of the· deviation occurred over the decay range of the 
green charge-transfer em1ss1on, as shown in Figure 4.2.3. Lifetimes 
computed for the protonated and deuterated species were 3.8 µs and 3.85 µs 
respectively. A global dual fit gave no significant improvement over the 
single fit in the residuals, and lifetimes were 1. 6 µ s and 4. 7 µ s for the 
protonated complex and 1.9 µs and 5.8 µs for the deuterated complex. This 
same experiment was repeated on a sample of [Ru(bipy)3] 2+ in order that 
any artifacts · caused by the strongly-scattering polycrystalline (non-glass) 
DMF medium might be ascertained. Fitted to a single exponential, the 
Figure 4.2.3. 
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residuals were vanishingly small and a lifetime of 5.05 µs was calculated 
which is in excellent agreement with measurements performed on the 
complex in ethanol-methanol glass [5]. It is clear, then, that the complex 
decay kinetics of the iridium systems are inherent to the molecules 
themselves. 
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The decay times obtained from the global dual fits are unexpectedly 
short compared to those measured at a single wavelength (see Table 4.2.1). 
This indicates that a dual exponential is inadequate for analysing the decay 
kinetics of these systems. In particular, it seems that more than one species 
or state might be responsible for the green emission. 
The intensity residuals became negligible around 6 µs after the laser 
pulse for both h8 and d8 complexes, even though the lifetime of the red 
emission was measurably longer than this for the deuterated complex. The 
red luminescence must therefore be a minor component of the total 
luminescence. Separately plotting the amplitude associated with each 
lifetime for the global dual exponential fits gave the 'deconvoluted' spectra 
shown in Figure 4.2.4A. The low-energy red band has not been resolved from 
the main progression but the shift of the green emission to lower energy, as 
seen in the time-resolved spectra, is clear on comparing the two spectra. 
Similar results were obtained at 4.2K; at this temperature the decay time of 
the green emission is longer than that of the red emission (see below) and 
the spectrum associated with the shorter lifetime therefore shows enhanced 
intensity in the tail (Figure 4.2.4B). 
In the study of difficult systems, like [Ir(bipy)2Cl2]+, it can often be 
helpful to perform the experiments at the lowest available temperature as 
the radiationless processes which deactivate the emitting state are 
suppressed and the thermal population of higher, possibly luminescent 
states is also . inhibited. Time-resolved spectra and lifetimes of 
Figure 4.2.4. 
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[Ir(h8-bipy)2Cl2]+ and [r(d8-bipy)2Cl2]+ were measured at 4.2K and the 
lower temperature produced two main differences in the photophysical 
behaviour of the complexes when compared to the results obtained at 77K. 
First, the decay time of the green emission became much longer, being of 
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the order of 100 µs, so that it now exceeded the decay time of the red emission, 
typically 10 µs and 20 µs for the protonated and deuterated materials 
respectively. The time-resolved spectra therefore show enhanced red 
intensity at shorter delay times (Figure 4.2.5). The second effect of the low 
temperature is also clear from the time-resolved spectra; there was no 
discernible shift of the band maxima with delay time, in contrast to the 
observations at 77K. Decay curves, however, remained non-exponential, with 
very poor fits obtained even to a dual exponential. 
Subtraction of a spectrum obtained 100 µ s after the laser pulse from 
one taken after 10 µs delay, scaled to the same maximum intensity, gives the 
intensity residuals shown in Figure 4.2.5. Similar results were obtained in 
DMF and ethanol-methanol. The broad red feature can be clearly 
distinguished for both complexes and is enhanced upon deuteration as 
previously established [15]. After correction of the spectra, the band 
maximum was found at 680 nm and fitting the band to a Gaussian placed the 
origin near 530 nm. The estimated origin of the green emission is at 460 nm, 
so this implies the energy gap between the charge transfer and ligand field 
levels is of the order of 3000 cm-1. The decay time of the lower state is less 
strongly dependent on temperature than the charge transfer state, being 
lengthened by a factor of around four on cooling to 4.2K, while the decay 
time of the green emission increases twentyfold. 
Although simple luminescence did not occur even at 4.2K with u.v . 
excitation, the time dependence of the green emission was effectively 
eliminated and the degree of red emission contributing to the total was 
greatly reduced. This can be seen best on comparison of time-resolved 
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spectra for the deuterated complex in D:MF at 77K and 4.2K. Of course the 
comparison is not directly analogous since at 4.2K the shorter delay time 
used was 10 µs, much longer than the 500 ns required for the 77K 
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experiment. Use of the high-energy, short-pulse excitation source can often 
produce transients; short-lived, often strongly emitting species which will 
only be detected in the first few nanoseconds after the laser pulse. These will 
naturally contribute to the overall decay curve for the emission and can 
thus significantly affect the lifetime. Employment of a different excitation 
source can help eliminate such effects. 
The argon (Ar+) laser is different to the nitrogen laser in two 
important respects. First, it provides a continuous radiation source, not 
pulsed, so that the system under study is able to equilibrate to some degree 
before emitting. The laser light may be chopped, using a Bragg cell, to 
facilitate the measurement of the emission lifetimes but the pulsewidth 1s of 
the order of milliseconds rather than nanoseconds. Secondly, the light is of 
much lower energy than that generated by the u. v. laser. It can also be 
tuned to several different wavelengths. 
Selection of the 458 nm Ar+ laser line permits excitation directly 
into the lowest energy charge-transfer absorption feature of 
[lr(bipy)2Cl2]+. Decay times for the emission were measured at 4.2K in 
DMF and using 458 nm Ar+ excitation, at four wavelengths spaced over 
the entire spectral progression. The decay time of the emission was not 
only considerably longer than observed at 77K (with 337 nm excitation), 
it was invariant throughout the spectrum and the decay curves fitted 
well to a single exponential. The protonated complex gave a decay time 
of 92 µs and the deuterated complex 107 µs in DMF. The temperature 
dependence of the lifetime was also examined and the results for the 
deuterated complex, in ethanol-methanol, are shown in Table 4.2.2. A 
similar trend was found for the protonated species. 
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Table 4.2.2. Temperature Dependence of Decay Time for [Ir(d8-bipy)2Cl2 ]+ 
(ethanol-methanol), using 458 nm Excitation. 
Temp./K Decay Time/µs Amplitude (x 102) 
1.9 130 1.01 
4.2 112 1.05 
9.0 103 1.10 
20.0 86 1.07 
30.0 54 1.02 
40.0 25 1.14 
50.0 14 1.12 
60.0 10 0.99 
70.0 8 0.83 
80.0 6 0.56 
Increases in lifetime brought about by lower temperatures can 
usually be attributed to a suppression of the nonradiative processes which 
compete with luminescence in the deactivation of the emitting state. For 
these systems the amplitude associated with the decay curve remained 
constant in the temperature domain 1.6K - 50K while the lifetime shortened 
considerably. From this it is apparent that the MLCT state is populated to the 
same degree at all temperatures in this range, since the initial intensity of 
the luminescence is steady, but the quantum efficiency decreases markedly 
with increases in temperature. 
With lower quantum efficiency we also see the appearance of red 
luminescence and the onset of non-exponential decay kinetics. Decay times 
were measured at 77K for h8 and d8 complexes in DMF and for the d8 complex 
1n ethanol-methanol, and these became longer as the detection wavelength 
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was increased (Table 4.2.3), the same trend observed using u.v. excitation at 
77K or 4.2K. 
Table 4.2.3. Decay Times ('t) for [Ir(bipy)2Cl2]+, measured at 77K usmg 
458 nm Excitation. 
d8/DMF 
h8/DMF 
d8/EM 
Decay Time/µs 
491 nm 
4.6 
4.1 
6.1 
547 nm 
8.1 
5.4 
6.9 
665 nm 
13.1 
7.1 
9.7 
It was not possible to record time-resolved spectra using the 
(continuous wave) Ar+ source, but steady-state spectra showed considerable 
tailing towards the red wavelengths, which was as usual more pronounced 
for the deuterated complex (Figure 4.2.6). 
Decay times for powder samples measured at 77K were similar to those 
obtained in DMF at short detection wavelengths, but towards the red became 
significantly longer. The steady-state emission spectra showed less structure 
than seen for dilute samples and gave maximum intensity around 580 nm. 
Early experiments on the phenanthroline complex were complicated by the 
presence of an impurity which gave a broad, unstructured luminescence 
centred on 580 nm [ 13 ]. Although repercussions from this contamination 
were believed to be negligible at 77K, room temperature photochemistry and 
photophysics were profoundly affectect'. We believe the anomalous intensity 
increase seen for the powder samples at 5 80 nm and the lengthening of the 
lifetime at long wavelengths are an effect of a similar impurity. These 
artifacts are seen only for the powder, which implies the emission 1s 
trapping out into the impurity via an energy transfer mechanism. This 
Figure 4.2.6. 
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phenomenon occurs most frequently 1n solid samples, due to the proxim ity 
of the chromophores . 
Excitation using 488 nm laser light, lower in energy than the lowest 
MLCT absorption, caused decay times to lengthen; detected at 547 nm and 77K, 
values for the protonated and deuterated complexes in DMF increased to 
13.2 µs and 19.0 µs respectively. At 77K the decay time of the red emission 1s 
longer than that of the green emission, thus the use of lower energy 
excitation apparently favours the red emitter. This implies that the lower 
(red) state is absorbing more efficiently relative to the MLCT state and must 
therefore lie at lower energy in absorption as well as em1ss1on. 
As the u. v. laser has a pulsed output, it was unclear whether the high 
excitation energy or the high power associated with the short pulse was 
responsible for the 'dual' behaviour seen at 4.2K, 1n contrast to the single 
exponential decay observed with continuous wave 458 nm excitation. Using a 
dye laser, tuned to 440 nm and powered by the nitrogen laser, it was possible 
to give a short pulse of lower energy and thus assess the effect of the pulse 
duration. Decay times measured with the three excitation sources are shown 
below (Table 4.2.4). 
Table 4.2.4. Dependence of Decay Time on Excitation Mode 
for [lr(bipy)2 Cl 2]+ in ethanol-methanol at 4.2K 
SOURCE DECAY TIME/µs 
491 nm 547 nm 640 nm 
Ar+ laser (458 nm) 
N2 laser (337 nm) 
N2-dye laser (440 nm) 
114 
120 
115 
114 
119 
114 
113 
62 
98 
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Exponential decay of the emission was found with 458 nm steady-state 
excitation iilld. with 440 nm pulsed excitation. With pulsed 337 nm laser light 
decay curves became non-exponential and a spread of lifetimes was found 
over the spectrum, with a greater proportion of the short-lived component 
apparent at longer wavelengths. The 440 nm source did induce a small 
degree of wavelength dependence in the lifetime, being slightly higher 1n 
energy than the MLCT absorption, but as decays remain exponential the 
contribution of another state is evidently negligible. 
Discussion 
The luminescence of [Ir(bipy)2Cl2]+ and [Ir(d8-bipy)2Cl2]+ becomes 
"normal" at liquid helium temperatures when low energy excitation is used. 
The 458 nm Ar+ laser line directly accesses the MLCT state and the resultant 
em1ss1on decays exponentially throughout the spectrum. There is no 
evidence for a contribution from a second component. This result shows 
clearly that the lower state is not populated via the lowest MLCT level. 
As discussed earlier, results obtained elsewhere for these and 
similar systems at 77K and above [14,15] were interpreted in terms of the 
model shown in Figure 4.2. 7 A. In fluid media the MLCT and ligand field states 
are in thermal equilibrium; i.e. k12 = k21 >> k10, k20. The decay curves are 
therefore exponential, with an averaged value for the lifetime, and the 
' 
em1ss1on spectrum shows no time dependence. Dual exponential behaviour 1s 
found 1n rigid glasses where the states are not thermalising. 
Our data do not fit this model. In general, a three level system like 
Figure 4.2. 7 A will give only dual exponential behaviour, irrespective of the 
values of k10, -k20, k12 and k21 [25]. The decays we measured cannot be 
~ 
Figure 4 .2. 7. Energy Level Diagram Showing Decay Kinetics for [lr(bipy)2CI2]+ 
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analysed In terms of a three-level system. It therefore becomes necessary to 
introduce a third excited state, giving a total of four levels (Figure 4.2.7B). 
At temperatures above 20K, steady state excitation of the 458 nm MLCT 
band no longer gives exponential decay and the lifetime of the emission is 
shortened. A decrease In lifetime which occurs while the initial amplitude of 
the decay curve remains constant provides evidence that the shorter 
radiative lifetime of the MLCT state is not characteristic of a new emitting 
state but is caused by thermal enhancement of the nonradiative processes 
associated with a single state. At 77K the decay of the luminescence is 
distinctly non-exponential regardless of the nature of the excitation source, 
as previously descibed by other workers [ 15]. 
These results are consistent with a four-level emitting system (Figure 
4.2.7B). Warming the sample causes thermal population of a third excited 
state (level 3) which lies slightly above the lowest MLCT state (level 2). At 
77K a blue shift of the luminescence is seen when the spectrum is detected at 
very short times after the u.v. laser pulse. This shows that some emission 
does occur from a state slightly higher in energy than level 2 (MLCT) which 
has a very short lifetime. The long pulse experiment characteristically 
suppresses contributions to the luminescence by non-thermalised 
transients, so this emission 1s not detected when the Ar+ laser is used to 
excite the sample. 
The emission from the third state is clearly very weak, which is 
consistent with low quantum efficiency. However, the radiative rate must be 
fast in order for the emission from this state to be observed before the state 
is completely deactivated by nonradiative processes, and this implies that the 
transition has a rather high oscillator strength. The reduction in the 
quantum efficiency of the [Ir(bipy)2 Cl 2]+ system is concurrent with the 
deviation from . exponential decay kinetics and the onset of red emission. It 
therefore appears that the state producing the red em1ssion (level 1) is 
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actually fed from level 3 and not from the lowest MLCT state (level 2). The 
nature of this 'new' state has not yet been ascertained. Although it is known 
that for these particular systems the lowest 1t1t * and lowest MLCT states lie 
close in energy [ 16,20], the existence of further close-lying MLCT states has 
also been recognised for complexes of this type [27]. 
The luminescence detected at 4.2K with 458 nm excitation 1s derived 
solely from the MLCT state, as shown by decay measurements. Decays remain 
exponential using dye-laser excitation at 440 nm, which is sufficiently high 
1n energy to access the third excited level. Thennal population of level 3 does 
not, then, occur at 4.2K; the MLCT level is the only emitting state even when 
the higher energy source is used. Time-resolved spectra excited at 337 nm, 
however, show that a red component is still present in the emission at 4.2K 
under these conditions. Since it is known that level 3 is not populated from 
level 2 at this temperature, level 1 must now be fed from a different higher 
state, either directly or via level 3 which may also be nonradiatively coupled 
to higher states. 
From subtraction of time-resolved spectra at 4.2K, corrected for the 
response of the apparatus, we have estimated the position of the origin of the 
red luminescence; the band maximises at 680 nm and, assuming a Gaussian 
band shape, the origin occurs at 530 nm. The origin of the charge transfer 
band is at 458 nm, thus the magnitude of the energy gap between these two 
states is 2900 cm- 1. It is possible that with a separation of this order, states 1 
and 2 may not be able to thermalise. 
The value of 2900 cm-1 for the separation of the emitting levels in the 
protonated and deuterated complexes does not compare well with previous 
estimates [15]. Plots of log(relative intensity) vs. l{f in fluid solution gave ~E 
values of 3 70 cm-1 and 540 cm-1 for the protonated and deuterated materials 
respectively. The latter measurements were, however, performed at 
temperatures where the system is believed to be in thermal equilibrium 
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(fluid medium) and generally speaking, the energy gap must be small in 
order for states to thermalise. Apparently, then, the magnitude of 6E is 
increased in rigid media. Charge-transfer bands are dipolar in nature and 
hence are highly sensitive to the environment, while dd * transitions are 
relatively unaffected. In fluid media solvent relaxation effects are likely to 
lower the energy of the MLCT state of [Ir(bipy)2Cl2]+ so that its proximity to 
the dd* state is sufficient to permit thermalisation. These dielectric shifts 
are, of course, absent in a rigid matrix, and the observed 6 E appears to be 
large enough to prevent thermalisation between MLCT and dd* states. 
Indeed, comparison of em1ss1on spectra of [Ir(bipy)2Cl2]+ measured at room 
temperature [20] and at 77K [28] shows that the band maximum of the MLCT 
luminescence shifts to higher energy by 1600 cm-1 at the lower 
temperature. 
SECTION 4,3 ABSORPTION, EXCITATION, M.C.P.L. AND M.C.D. SPECTRA. 
Absorption Spectra 
As the dd * band lies much farther below the lowest energy MLCT band 
than has previously been supposed there appeared to be a possibility of 
detecting this state in absorption. The broad red luminescence reaches a 
maximum at 680 nm (14700 cm-1), shifted by 4200 cm- 1 from the origin 
which is estimated to lie at 530 nm (18900 cm-1 ). Assuming symmetry about 
the origin, the band maximum in absorption should then occur at 430 nm 
(23100 cm-1 ). Although the predicted maximum of the band lies above that of 
the MLCT absorption at 21800 cm-1, the Stokes' shift is large, as is often the 
case for dd* transitions, and the band should thus be much broader than the 
MLCT band. · 
Absorption spectra measured in DMF at room temperature gave no 
convincing evidence for a low energy transition even at near saturated 
concentrations. There was some tailing of the MLCT absorption, which has 
an extinction coefficient of around 470 mol- 1 lcm - 1 [28], but a discrete 
shoulder was not discernable. 
Spectra of single crystals are not subject to inhomogeneous 
broadening which frequently occurs in fluid solution; also the 
concentration of the sample is usually at a maximum. To optimise the 
chances of seeing the dd * band in absorption, the spectrum of a single 
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crystal of Ir(h8-bipy)2Cl2.CF3S 03 was recorded at room temperature (Figure 
4.3 .1). Under these conditions a low energy shoulder can clearly be seen. The 
extinction coefficient of this band is around 5 mol- 1 I cm - l. This is very weak, 
but not unusual for a dd* transition in a complex of this type. The lowest 
energy absorption band of trans-[Rh(py)4Cl2]+, for example, has maximum 
intensity at 21500 cm-1 and an extinction coefficient of only 3 mol-llcm- 1 
[28]. 
Excitation Spectra 
The principles behind this technique have been described earlier, in 
Chapter 3 (Introduction). 
Excitation spectra were measured for the same single crystal used in 
absorption, at 4.2K and using different detection wavelengths (Figure 4.3.2). 
The spectra detected through 547 nm and 640 nm filters were markedly 
different; the latter revealed considerable . . increase in intensity around 49-0 
run, just beyond the edge of the MLCT absorption. Due to the high sample 
concentration, . the MLCT band is truncated, as described in Chapter 3. 
Wavelength dependence in excitation indicates that emission detected in 
Figure 4.3 .1. 
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different parts of the spectrum 1s either derived from different states or 
different species . Moreover, if the states were in thermal equilibrium the 
same spectrum would be seen regardless of detection energy. Accordingly , 
the additional low energy shoulder observed with the red filter is not simply 
the tail of the charge transfer band but arises from a completely different 
transition. 
The excitation spectra of neat powdered samples of both 
Ir(h8-bipy)2Cl2.Cl and lr(d8-bipy)2Cl2.Cl also showed a wavelength 
dependence, though not so sharply defined as is seen for the crystal. 
Comparison of the charge transfer band maxima in protonated and 
deuterated samples shows that this band is shifted to lower energy by 
30 ±. 10 cm- 1 upon deuteration. The observed deuteration shift is much 
smaller than previously observed [ 15], though the error margins cited for 
the earlier figure are sufficiently large to encompass our value. Our value 
also compares well with the figure of 40 cm-1 for the deuteration shift of 
[Ru(bipy)3] 2+ [29-31]. 
M.C.D. and M.C.P.L. Spectra 
MCD (magnetic circular dichroism) also revealed a low energy band 
with properties clearly different from those of the MLCT transitions. 
Absorption/MCD spectra of [lr(bipy)2Cl2]+ in nafion films were measured at 
dilute and very high concentrations (Figure 4.3.3). The Figure also shows the 
da/du curve; this closely follows the MCD signal of the charge transfer 
absorption except in the tail of the band, where a different signal prevails. 
MCPL (magnetic circularly polarised luminescence) spectra, obtained 
with 458 nm excitation gave a negative B-term type signal (.11/1 = 0.05 at 5T) 
between 1.6K and lOK. A gradual loss of signal was observed as the sample 
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was warmed above 1.6K, which implies thermal population of a state with 
opposite MCPL to the dominant emission. Excitation with 488 nm laser light 
gave much weaker MCPL (61/1 < 0.01) in the red region over the same 
temperature range. The red luminescence thus appears to have different 
MCPL characteristics to the green luminescence. 
LUMINESCENCE OF ili.-[Ir(en)2Cl2]+ 
The energy of the dd* state of [Ir(bipy)2Cl2]+, as observed using 
absorption, excitation and MCD techniques, is much lower than found in 
other dd* emitters containing N-donor ligands. [Ir(NH3)6]3+ and [Ir(en)3]3+, 
for example, have the maxima of their dd * absorption bands at 
31800 cm-1 [32] and 34000 cm-1 [28] respectively, whereas the corresponding 
maximum for [Ir(bipy)2Cl2]+ is expected to lie at around 23100 cm- 1. We 
measured the luminescence of ili-[Ir(en)2Cl2]+, which has the same 
symmetry and donor-atom set. 
The emission spectrum of a single crystal of Ir(en)2 Cl 2.Cl was recorded 
at 77K using u.v. excitation (Figure 4.3.4). A broad band with maximum at 720 
nm ( 13900 cm- 1) was the only feature of the spectrum and the tail of this 
extended past 800 nm, beyond the scope of the instrument. The decay of the 
emission was exponential, with a lifetime of 219 ns. 
Although the luminescence of ili-[Ir(en)2Cl2]+ has not, to our 
knowledge, been reported previously, the trans isomer has been studied [28] 
and the emission maximum for this was found at 14500 cm- 1. The positions of 
the emission maxima for both isomers are comparable to that of the dd* 
luminescence of [Ir(bipy)2Cl2]+, and lie at much lower energy than the 
analogous emission peak for [Ir(en)3]3+, which occurs at 16800 cm- 1 [28] . 
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The narrower ligand-field gap must therefore be an effect of the chloride 
ligands. 
CONCLUSIONS 
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The above results show that the anomalous luminescence of 
[Ir(bipy)2Cl2]+ found at low temperatures in rigid media cannot be modelled 
using a three-level system (ground state and two emitting states), but in fact 
a four-level model IS required to fully describe the behaviour. The 
separation between the MLCT and dd* states is estimated to be 2900 cm- 1 
which is an order of magnitude greater than previous estimates [ 15]. There 
are few molecular vibrations which would facilitate transitions between 
these states, and the non-thermalisation thus becomes more acceptable. In 
fluid media the dipolar relaxation of solvent molecules causes the MLCT 
emission to shift to lower energy and the smaller separation between the 
states allows attainment of thermal equilibrium. The low energy dd* 
transition is observable in absorption, excitation and MCD, and additional 
evidence for its presence is provided by MCPL studies. 
A related phenomenon has recently been observed for a set of 
rhodium phenanthroline complexes, [Rh(phen)2XY] n+, for which the dd* 
and 1t1t* states are close in energy [33]. It was found that varying X and Y 
affected the energy of the dd* state, which is of course sensitive to changes 
In the coordination sphere, but not the 1t1t * state, so that a crossover from 1t1t * 
to dd * luminescence could be achieved. 
We can speculate on the nature of the third excited state from which 
the dd* level is populated. The fast radiative rate suggests another charge 
transfer level · and this would parallel the electronic structure of 
[Ru(bipy)3] 2+, for which the existence of close-lying MLCT states has been 
well established [ 1-5, 27], though it is also known that for these particular 
systems the 1t1t* and charge transfer states are close in energy [16]. 
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Current research is directed towards detecting a relationship between 
the radiative rates of the MLCT and dd* emission in [lr(bipy)2Cl2]+, which 
would prove conclusively that these were derived from the same 
chromophore and not from separate species or different sites in the matrix. 
Previous workers reported a risetime 1n the decay of the red emission [14]. 
The occurrence of a related kinetic 1n the decay of the charge transfer 
em1ss1on, not necessarily of the same rate, would show the states are 
somehow linked. Thus far we have been unable to detect such a risetime for 
samples of the protonated complex in ethanol-methanol, but as the lifetimes 
of green and red emission are very similar in these circumstances we intend 
to continue studies on the deuterated complex in DMF, for which the greatest 
difference in lifetime is found. 
EXPERIMENT AL 
A short account of this work has recently been published [34]. 
Materials. lr(bipy)2Cl2.Cl was prepared by the method of Watts et al. and 
purified by repeated recrystallisation from methanol. lr(d8-bipy)2Cl2.Cl was 
prepared similarly, using perdeuterio-2 ,2' -bipyridy 1, and purified in the 
same manner. lr(bipy)2Cl2.CF3S 03 was obtained by metathesis of 
lr(bipy)2Cl2.Cl with CF3S03H and was recrystallised from CH3CN. (See Chapter 
1 for a full description of preparative routes to and analytical data for 
lr(bipy)2Cl2.Cl and lr(bipy)2Cl2.CF3S03). ili-lr(en)2Cl2.Cl was purchased 
from Johnson-Matthey and recrystallised from H20. 
The luminescence characteristics of the compounds were examined 
under different conditions using a wide range of the techniques available 1n 
Dr. Krausz' s laboratory. Use of a combination of spectroscopic tools is 
powerful in providing a broader aspect of the ways in which the systems are 
abnormal, and for the most part it was possible to perform the different 
measurements on the same basic apparatus, adapted to suit the purpose in 
mind. 
Apparatus. Luminescence spectra and decay times were measured using 
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the same apparatus described in Chapter 3, except that a Spectra Physics 
Model 165 Ion Laser was sometimes used as the excitation source (in this case 
the light was chopped with an ISOMET 1205C-1 Bragg cell to measure decay 
times). The luminescence spectra displayed in this Chapter are uncorrected, 
but this does not affect the conclusions drawn from the results (all spectra 
were later corrected for the response of the system). M.C.D., M.C.P.L. and 
excitation spectra were also collected on this apparatus; a tungsten lamp was 
used to irradiate the samples for excitation spectra. The absorption spectrum 
of lr(bipy)2Cl2.CF3SO3 was collected on a dedicated single crystal 
spectrometer, designed in the Research School of Chemistry. Data was logged 
into a MINC-11 computer and further processed on a VAX 11/750. More 
detailed descriptions of the apparatus are included in several recent papers, 
on related ruthenium systems, from Dr. Krausz's group: luminescence 
spectra and decay times [5], M.C.D. [35,36], M.C.P.L. [36] . 
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CHAPTERS 
Electrochemical and Spectroscopic Investigations on 
Acetylacetonato Complexes of Ru(II) and Ru(III) 
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SECTION 5,1 INTRODUCTION 
Preceding chapters have shown how the redox and optical properties 
of iridium (Ill) polypyridyl complexes [lr(a-diimine)2L2]n+ are modified 
when different ligands L are present in the coordination sphere. This 
chapter describes the results of a similar study on a new family of 
ruthenium acetylacetonato (acac) complexes Ru(acac)2L 2, where L2 
represents a pair of 1t-acceptor ligands. Analyses of the voltammetric 
behaviour and electronic spectra have allowed us to monitor the shifts 1n 
the frontier orbitals of the Ru(acac)2 chromophore as a function of the 
nature of L. In contrast to the lr(l11) systems, for which the redox activity 
centres on reduction of the polypyridyl ligand array, the Ru(II) complexes 
undergo metal-based oxidation. 
Until recently, interest in ~ -diketonato complexes of ruthenium was 
largely confined to the tris complexes of Ru(III) [ 1-4]. Studies on species 
Ru(R 1COCR 2COR3)3 have established the existence of a linear relationship 
between a summation of the Hammett parameters (am and ap) for the 
chelate ring and the half-wave potential for oxidation or reduction (El ;2) of 
the complex (Figure 5.1.1 ). This relationship holds for substituents in both 
meta- [3] and para- [ 4] positions, relative to ruthenium. 
Figure 5 .1.1. 
0----< ) >---R2 
El;2 = ·k1 [ <1m(R 1) + <1p(R 2) + <1m(R3)] + k2 
(where k1, k2 are constants) 
Mixed complexes, containing ~-diketonate and polypyridyl ligands, 
have also received some attention [5-7]. For several series 
[Ru(bipy)3-n(A)n]x+ (A = substituted acac, n = 0,1,2,3) it was found that the 
ligands had an additive effect on the El /2 value for the Ru(II/III) couple; 
plotting El/2 vs. n gave a linear graph [7]. 
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In 1988, Kobayashi et al. [8] developed a new route to lower symmetry 
Ru(III) P-diketonates from Ru(acac )3, via a new Ru(II) acetonitrile species. 
Reduction of Ru(acac)3 in the presence of CH3CN produced cis-
Ru(acac)2( CH3CN)2 in good yield. Subsequent reaction of this new 
intermediate with different ~ -diketones gave, after aerial oxidation, several 
new mixed complexes Ru(acac)2(R 1COCHCOR 2). Some complexes of this type 
had been prepared previously, by scrambling reactions, but had to be 
isolated from a mixture of products and yields were low (9, 10]. It was later 
shown [ 11] that treatment of tris P-diketonato ruthenium(III) complexes 
with strong acids, in acetonitrile solution, resulted in formation of cis-
[RulII(~-diketonate)2(CH3CN)2]+, which could in tum be used in the 
preparation of mixed Ru (III) ~-diketonates, RuA2A '. Hoshino et al. also 
demonstrated that A and A' had an additive effect on the redox potentials of 
the complex [12], similar to that described for the mixed bipy/acac 
complexes [7]. 
The research outlined above significantly broadened the range of 
known ruthenium P-diketonate complexes. However, the new products were 
chiefly tris(P-diketonates) of Ru(III), the only reported bis complexes being 
Ru(acac)2(bipy) and cis-Ru(acac)2(CH3CN)2. In collaboration with Dr. M. A. 
Bennett and his group, we have prepared a number of new 
bis(acetylacetonato) ruthenium(II) compounds, cis-Ru(acac)2L2, from 
Ru(acac)3 using an approach similar to that described by Kobayashi et al. 
[8]. This method allows the facile introduction of two molecules of a 1t-
acceptor ligand L, including phosphines and olefins, to the Ru(II) centre, 
with liberation of acac. One of the complexes formed in this way, cis-
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Ru(acac)2(cyclooctene)2, proved to be an excellent starting material for the 
synthesis of species in the trans configuration. Reaction of cis-
Ru (acac )2( CH3 CN) 2 with the same L generates the appropriate cis-
Ru(acac)2L2 isomer, as noted above. 
The Ru(II/III) couple is observable for all of the new complexes, and 
for some the Ru(III/IV) oxidation is also accessible. The oxidation potential 
1s a measure of the energy required to remove an electron from the 
ruthenium d1t levels. Therefore, with a more stabilising ligand manifold the 
d 1t levels will be lower in energy and the oxidation will occur at more anodic 
potential. For such a closely related set of molecules, comparison of half-
wave potentials for the Ru(II/III) couple allows inferences to be made 
concerning the relative donor or acceptor strengths of the unique (non-
acac) ligands. These ligands can then be graded in a redox-based 
"spectrochemical series" according to the influence each has on the metal 
centre. 
The effect of L on the rema1mng common frontier orbitals 1n 
Ru(acac)2L2, namely the acac 1t and 1t* levels, can be determined from 
comparison of the relevant bands in the electronic spectra of the 
complexes. Spectroelectrochemical techniques available in our laboratory 
have enabled us to collect the absorption spectrum of each complex in two 
oxidation states; Ru(II) and Ru(III). Such in situ characterisation proved 
invaluable in cases where the electrode product was air- or moisture-
sensitive. Equally, where it was possible to generate the Ru(III) species by 
chemical means, a copy of the genuine (i.e. O.T.T.L.E.-derived - see Chapter 
2) spectrum was available against which the integrity of the product could 
be checked. 
Generation of the corresponding Ru(III) species, using Ag+ or 
ferrocinium salts as oxidants, was achieved in most cases , although a few 
complexes proved too unstable in the higher oxidation state. 
Finally, e.p.r. spectra of the paramagnetic Ru(III) species were 
collected, and 1n some cases observation of the contact-shifted 1 H n.m.r. 
spectrum was also possible. 
SECTION 5.2 SYNTHETIC PROCEDURES 
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The syntheses were carried out by H. Neumann and F. Rahman, who 
also collected the infrared and n.m.r. spectra•. Complexes were prepared by 
one of three basic routes, outlined below. Structures of some of the ligands L 
are shown in Figure 5.2.1. 
1) Reductive substitution of Ru(acac)3, with an excess of 1t-acceptor ligand 
present in solution. 
Ru(acac)3 Zn/Hg .., [Ru(acac)3]-
L = CH3CN, cyclooctene; L2 = bipy, norbomadiene (bicyclo-[2,2,1]-hepta-2,5-
diene, NBD), cyclooctadiene (COD), cyclooctatetraene (COT). 
The olefin complexes Ru(acac)2(COT) and cis-Ru(acac)2(cyclooctene)2 
have not, to our knowledge, previously been synthesised by this or any 
other method. Ru(acac)2(bipy) [5], Ru(acac)2(NBD) (13] and Ru(acac)2(COD) 
(13] have been obtained, but by different routes. The preparation of c1s-
Ru(acac)2(CH3CN)2 by this method has been mentioned earlier [8]. Isolation 
of cis-Ru(acac)2(cyclooctene)2 in the solid form was not always 
reproducible. Attempts to obtain the pure material often resulted 1n 
decomposition, although it is efficiently generated and indefinitely stable 
in solutions containing an excess of cyclooctene. The reactivity of this 
* L. W. has carried out representative syntheses, such as the preparation of Ru(acac)2(CH3CN)2 and 
Ru(acac )2(bipy ), and many of the oxidations of Ru(acac )2L2. 
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Figure 5.2.1. Some n-Acceptor Ligands Which Have Been Attached 
to the Ru( acac )2 Fragment 
Lo 
0,,,,,, ,,,,,L 
··-Ru··· 
0~ "L Lo n 0 0 - acac 
L2 = Norbomadiene L2 - Cyclooctadiene L2 - Cyclooctatetraene 
L2 = dppm (n = l); dppe (n = 2); dppp (n = 3) L2 - Styrylphosphine 
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complex proved beneficial, however, as the crude product could be 
generated in situ and used directly as a starting material (see method 3, 
below). 
2) Substitution reactions of cis-Ru(acac)2(CH3CN)2 
L, benzene; reflux ... 
L = triphenylphosphine (PPh3), trimethylphosphite (P(OMe)3), L2 = 
di pheny I phosphinometh ane ( d ppm), di pheny I pho sphinoethane ( d ppe), 
diphenylphosphinopropane ( dppp), (2-vinylphenyl)diphenylphosphine 
( ( o-styry l)di pheny I phosphine SP), cyclooctadiene (COD). 
Thus, as well as being useful in the preparation of tris(~-diketonato) 
complexes [8,11], cis-Ru(acac)2(CH3CN)2 is a convenient precursor to 
cis-Ru(acac)2L2 complexes. A number of phosphine complexes, and one 
phosphite species, were prepared in this way, and olefinic complexes were 
also obtained. 
3) Substitution reactions of cis-Ru(acac)2(cyclooctene)2 
The starting complex was prepared by method 1 above usmg THF as 
solvent. The product solution was removed from the zinc amalgam, filtered 
and the volume was reduced to ca. 10% under reduced pressure. Aliquots of 
this substrate mixture, which still contained free cyclooctene, were 
removed as required and treated with the appropriate 1t-acceptor ligand. 
cis-Ru(ac ac )2( cyclooctene )2] ---=L~, -"-'r . .....,t..__ ____ •~ trans -Ru ( a ca c) 2 L 2 
L = tertiary-butylisocyanide (lBuNC), PPh3; L2 - dppm, dppe, dppp. 
173 
Reactions were very facile; complete substitution usually occurred 
readily at room temperature. Interestingly, although the starting material 
apparently has the cis configuration (according to its 1 H n.m.r. spectrum), 
the initial products isolated had trans geometry. This has allowed 
preparation of the alternative trans isomers of Ru(acac)2 (lB u NC) 2 and 
Ru(acac)2(PPh3)2, whereas only cis isomers are obtained by routes 1 and 2, 
from Ru(acac)3 and Ru(acac)2(CH3CN)2 respectively. Bidentate phosphine 
ligands incapable of spanning trans sites gave highly insoluble pale brown 
solids which are probably oligomers or polymers containing mutually trans 
phosphorus atoms. In each case, heating the trans isomers in an 
appropriate solvent resulted in formation of the more thermodynamically 
stable cis isomer, which was always monomeric. 
cis-Ru(acac)2(C0)2, which has been made previously by heating 
Ru3(C0)12 with acetylacetone [14], was prepared by heating [Ru(C0)3Cl2]2 
with acetylacetone and N a2 CO 3 in DMF; this follows the reported preparation 
of Ru(acac)2(diene) from [RuCl2(diene)Jn [13]. [Ru(C0)3Cl2]2 was prepared 
by heating hydrated ruthenium chloride with formic acid [ 15]. 
Where the Ru(II/III) oxidation occurred at sufficiently low potentials 
( < 0.4V), it was possible to oxidise Ru(acac)2L2 chemically to give the 
analogous Ru(III) species. Complexes with higher oxidation potentials were 
unstable at the Ru(III) level. The oxidant was usually AgPF6. Typically, a 
solution of AgPF6 in dry CH2Cl2 was added to a solution of Ru(acac)2L2 (L = 
CH3CN (cis), PPh3 (cis), tBuNC (trans); L2 = dppe, dppm, dppp) in the same 
solvent. The . solution turned instantly deep blue, and colloidal silver formed 
in the flask. The solid material was removed by filtering the solution 
through celite. Evaporation of the solvent left a blue residue which could 
usually be recrystallised from CH2Cl 2/ether mixtures to giv
e 
Ru(acac)2L2.PF6. Attempts to prepare trans-Ru(acac)2(PPh3)2.PF6 by th
is 
method were unsuccessful, as in this case the product was 
always 
contaminated with silver metal, so the complex was instead
 obtained using 
[Fe(Cp)2]+ (ferrocinium) as the oxidant. 
Structural Characterisation of Ru(acac) 2 L 2 
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All complexes were characterised by 1 H and 13c n.m.r. sp
ectroscopy. 
The 1 H n.m.r. spectra of the cis isomers show two acac m
ethyl singlets 
around 1-2 ppm and a singlet corresponding to the acac CH 
proton at ca. 5 
ppm, as well as signals arising from L. The more symmetr
ic trans isomers 
display only one acac methyl resonance, together with the 
acac CH singlet 
and peaks for the remaining ligand(s). Thus, geometrical isomers are ea
sily 
distinguishable by this technique. For example, the spectra 
of ci s- and 
trans-Ru(acac)2(tBuNC)2, shown in Figure 5.2.2, are very similar; both 
display an 18H-singlet for the tBuNC protons ( 1.48 ppm for cis, 1.07 ppm 
for 
trans) and a 2H-singlet (5.30 for cis, 5.36 for trans). But there are clearly
 
two acac methyl environments in the c1s isomer (2.03 and 1.92 ppm) and
 
only one in the trans isomer (1.89 ppm). 
The 1 H n.m.r. spectra of all the Ru(acac)2(diene) complexes show a 
patr of singlets due to inequivalent methyl protons. The o
lefinic protons are 
shielded on coordination and show pairwise inequivalence. 
In the 
cyclooctatetraene complex, the diene is coordinated in its "
tub" form 
(through the 1,5- pair of double bonds) and the coordinated and 
uncoordinated olefinic protons appear as a pair of AB patt
erns. 
The l 3 C n.m.r. spectra, which will not be discussed here, sh
ow 
corresponding features. 
-
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Figure 5.2.2. lH N.M.R. Spectra of ill- and trans-Ru(acac)2(tBuNC)2 
(C.ili9)NC 
trans-Ru( acac )2(tJ3 uNC)2 tms 
CliJ. 
__ c___.f_6 ____ c~ ___________ li ______ _ 
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The 31 P n.m.r. spectrum of Ru(acac)2(SP) displays two peaks at 67 .5 
and 64.4 ppm (relative to 85% H3PO4), indicating that both stereoisomers are 
present in solution. This is confirmed by the 1 H n.m.r. spectrum in which 
each signal appears twice, with slightly different chemical shifts and 
intensities observed for the two geometrical isomers. 
The infrared spectrum of the Ru(acac)2 unit does not vary 
substantially with the identity of the 1t-acceptor ligands, nor between 
geometrical isomers. Each complex shows two C-H stretching vibrations at 
ca. 3000 and 2920 cm- 1, and the carbonyl stretching bands occur at 1570 and 
1510 cm- 1, which are characteristic of the usual bidentate 0-0 coordination 
of the acac ligand. Remaining common bands appear at approximately 1400, 
1260, 1200, 930, 760, 620 and 440 cm- 1. Bands associated with the 1t-acceptor 
ligands can usually be identified readily; for example the CN stretch in 
Ru(acac)2(CH3CN)2 at 2260 cm- 1. 
In the spectrum of ili-Ru(acac)2(1BuNC)2 we see, 1n solid and 
solution, three isonitrile stretching bands, at 2120, 2080 and 2040 cm- 1, 
instead of the usual two which should occur for a pair of terminally bonded 
RNC ligands in the c1s configuration (Figure 5.2.3 ). Correspondingly, the 
trans isomer, for which only one RNC stretching band is expected, displays 
two, at 2100 and 2060 cm-1. The lH n.m.r. spectra show that for both isomers 
there exists only one isocyanide CH3 environment. The evidence suggests, 
therefore, that the 1BuNC ligand may be bent in both cases. In trans-
[RulI1(acac)2(1B uN C)2]+, however, the ligands appear to be linear, as we see 
only one isonitrile peak at 2200 cm- 1. Examples of non-linear isonitrile 
ligands have been reported previously [ 16, 17, 18]. For example, 
Ru( 1BuNC)4(PPh3) [17] showed only one isocyanide environment by 1H and 
13 c n.m.r, but the infrared spectrum contained an extra peak, at 1815 cm- 1, 
which is not usually observed for terminal isocyanide ligands. X-ray 
crystallographic analysis revealed that the equatorial 1BuNC ligands were 
bent, with 1Bu-N-C angles of 131(2)0 and 129(2)0 • Mo(dppe)2(CNMe)2 also 
r 
Figure 5.2.3. Infrared Spectra of cis- and trans-Ru(acac)2(1BuNC)2 
trans-Ru(acac )2(1BuNC)2 
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shows bending of the RNC ligands [18], though, with an Me-N-C angle of 
15 6 ( 1) 0 , this is less severe. 
SECTION 5.3 VOLTAMMETRY 
All complexes display a one-electron Ru(II/III) oxidation and this 1s 
fully reversible on the voltammetric timescale, except in the case of 
Ru(acac) 2(CO)2. Typical voltammograms are shown in Figure 5.3.1. Where 
oxidation of the metal centre is sufficiently facile, the Ru(III/IV) peak 1s 
also observable within the available potential window. Reversible 
behaviour for the Ru(l11/IV) couple occurs only for Ru(acac)3, for which 
the resting oxidation state is Ru(III). Results for Ru(acac)3 are in 
agreement with those of Tocher and Fackler [2]. At low temperatures 
( < -30° C) the Ru(III/IV) waves for some of the more easily oxidised species 
become semi-reversible (L2 = bipy, L = CH3CN), but for the remaining 
members of the series the process was irreversible at all temperatures and 
scan rates. 
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For these complexes, we are describing electrochemically- or 
chemically-induced oxidations of the Ru(II) molecules, and these have been 
conveniently referred to as Ru(Il/111) and Ru(III/IV) couples throughout 
this chapter. Being reversible these could equally be labelled Ru(III/II) 
and Ru(IV /III) as 1s more common. Naturally the sign and value of the 
voltammetric E 1 /2 measurement is independent of our perspective. 
The Ru(Il/111) half-wave potential (El/2) 1s strongly dependent on 
the nature of L. Compared to Ru(acac)3, where El/2 = -0.65 V, for 
Ru(acac)2L2, El/2 values range from -0.05 V (L2 = bipy) to +1.78 V (L = CO), 
versus Ag/AgCl (Table 5.3.1). Strictly speaking, we cannot partition the cr 
and 7t components in bonding. However, it is evident from our results that 
the potential of the Ru(Il/111) oxidation reflects the anticipated 1t-acceptor 
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Figure 5 .3 .1 Cyclic Voltammograms of Ru(acac)2L2 in CH2Cl2 
at -600C (u = 100 mV/s) 
II/III III/IV 
L 2 = acac-
L2 = bipy 
L = MeCN 
L2 = COD 
L2 = COT 
L = CO 
The pos1t1ve sweep direction lies to the right 
1n these photo-reduced chart recordings. 
- 1 . 0 0.0 + 1.0 
Elf2 (Volt vs. Ag/AgO) 
II/III 
+2.0 
Ru(Il/lll) 
ElnJV 
-0. 65 
-0 .05 
+0.24 
+0.87 
+ 1.04 
+ 1.68 
Table 5.3.1. Oxidation Potentials for Ru(acac)2L2 
(in V vs Ag/AgCl)a,b 
COrvtH.EX Ru(ll/111) 
Ru(acac)3 -0.65 
Ru(acac)2(bipy) -0.05 
Ru( ac ac) 2 (PPh 3 )2# +0.07 
Ru(acac)2(CH3CN)2 +0.24 
Ru(acac)2(tB uNC) 2# +0.30 
Ru(acac)2(dppm) +0.31 
Ru(acac)2(dppe) +0.32 
Ru(acac)2(dppp) +0.37 
Ru(acac)2(PPh3)2 +0.37 
Ru(acac)2(P(OMe )3)2 +0.62 
Ru(acac)2(SP) +0.67 
Ru(acac)2(tBuNC)2 +0.74 
Ru( ac ac) 2 ( cycclooctene )2 +0.77 
Ru(acac)2(CO)(PPh3) # +0.82 
Ru(acac)2(NBD) +0.84 
Ru(acac)2(COD) +0.87 
Ru(acac)2(COT) +1.04 
Ru( acac )2( CO) 2 +1.78 
a) measured in 0.5M TBABF4/CH2Cl2 at 20°C 
b) # = trans isomer 
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Ru(III/IV) 
+1.10 
+1.65 
+1.67 
+1.74 
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strength of L. Oxidation of the Ru(II) centre occurs most readily for those 
complexes containing only weak 1t-acceptor ligands. Apart from CO, olefinic 
ligands stabilise the Ru(II) core to the greatest extent, and ligands 
containing phosphorus donor atoms are slightly less effective. The 
styrylphosphine ligand, which incorporates both olefinic and phosphine 
donor groups, falls between these two sets in terms of stabilising ability. The 
weakest influence, in terms of the shift from Ru(acac)3 itself, is exerted by 
the bipy ligand. COT stabilises the Ru(II) centre more than the other olefins 
do, as the increased conjugation associated with this ligand enhances the 1t-
acceptor ability. 
Naturally, the value of the Ru(II/III) half-wave potential also reflects 
the relative stability of the complex in the oxidation states on either side of 
the couple. With weaker 1t-acceptor ligands there is increased electron 
density on the metal centre, resulting in a preference for the higher 
oxidation state, Ru(III). Indeed, the resting oxidation state for Ru(acac )3 1s 
III, and Ru(acac)2(bipy) is generally prepared by chemical reduction of the 
readily accessible cation, [Ru1II(acac)2(bipy) ]+ [5] . With more efficient 7t-
acceptor ligands, the electron density on the metal is reduced, and the lower 
oxidation state, Ru(II), is increasingly favoured. For example, the oxidation 
of Ru(acac)2(COT) in CH3CN is fully reversible on the electrosynthetic 
timescale at -40°C (El/2 = +1.04 V). At ambient temperatures, however, the 
oxidised complex is labile and undergoes substitution to form, quantitatively, 
ili-[Ru(acac)2(CH3CN)2]+, which is more stable at the Ru(III) level (El/2 = 
+0.24 V). For Ru(acac)2( CO) 2 the ~ u(II/III) couple is irreversible at all 
temperatures, even with fast scan rates, since the strongly 1t-acidic CO 
ligands render the complex highly unstable at the Ru(III) level. 
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Ligand Additivity 
In recent years, several attempts have been made to assign 
parameters to different ligands L which quantify the effect of the ligand on 
the redox properties of a given binding site. One of the first such studies was 
carried out by Chatt et al., for a family of transition metal carbonyl 
complexes, Cr(CO)sL [19] and also extended to trans-Mo(diphos)2L2. A 
quantity PL was defined, such that for the Cr(0/I) couples: 
PL = El/2 (Cr(CO)5L) - El/2(Cr(CO)6). 
By this definition, Pc o = 0 and values of PL for other ligands are 
relative to Pc O. The scale of ligand parameters thus obtained was shown to 
be applicable to a number of binding sites, Ms, not just Cr(CO)s, and the 
linear relationship between PL and the oxidation half-wave potential for 
the complex was described by the following equation: 
El/2 (MsL) =Es+ ~.PL 
where Es 1s a constant associated with a particular binding site and ~ 
represents the sensitivity or polarisability of the site Ms, relative to Cr(CO)s 
which has ~ = 1.0. Sarapu and Fenske [20] reported that a linear relationship 
existed between the El/2 values and the energies of the HOMO's for the 
series Mo(CO)6-n(CNCH3)n (n = 0-6), demonstrating that the two quantities 
have a similar relationship to the stoichiometry of the complex. This work 
was enlarged upon by Bursten [21], who showed more generally how the 
energies of the d1t-based molecular orbitals, Ei, varied systematically with 
stoichiometry for several series ML6-nL'n (n = 0 - 6), where L, L' are 1t-acid 
ligands. Tbe parameter Ei was later shown [22] to have a systematic 
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correspondence with PL, since the highest occupied d orbital 1s identified as 
the redox orbital. 
Each of the models employed in the above studies operates on the 
assumption that ligand effects are entirely additive, and are not related 1n 
any significant way to the nature of the other ligands in the coordination 
sphere. For example, the contribution of one chloride and one PR3 is 
expected to be midway between 2 x Cl and 2 x PR3. 
The most recent work in this field is a comprehensive survey of 
complexes based on the m-Ru(bipy)2 moiety (23]. Some two hundred ligands 
have been attached to this particular binding site (24], and, by assessing the 
degree to which each substitution shifts the position of the Ru(II/III) 
couple, relative to the value for [Ru(bipy)3 ]2+, a new parameter EL was 
defined (23]. In Lever's definition, any bidentate ligand contributes twice its 
EL value. EL for bipy itself was taken as; 
EL(bipy) = 1/6 {El/2[(Ru(bipy)3] 2+} = 0.26 V (vs . N.H.E.) 
The EL values for a specific ligand L can then be determined from the 
measured El/2 for the appropriate couple of [Ru(bipy)2L2]n+; 
EL = 1/2 [El/2(RuII/III) - (4 x 0.26 V)] 
Having EL values for individual ligands, it was possible to predict El/2 
values for complexes which had so far not been measured. The validity of 
the model was tested by plotting calculated values of El/2 (Ecalc) against 
actual values (Eobs) for 103 complexes which had not been used in the 
assignment of EL values. The correlation was indeed found to be linear. The 
graph obtaine~ had a slope of 0.97 and an intercept at 0.04, compared to the 
ideal slope of 1.00 and intercept at zero. 
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For families of complexes based on a common chromophoric unit not 
containing ruthenium, it was predicted, and indeed demonstrated in some 
cases, that the correlation between Ecalc, as derived from EL values for the 
ruthenium/bipy series, and Eobs would also be linear, but that the slope and 
intercept might vary according to the nature of the binding site. In cases 
where the binding site was more sensitive to the effects of substitution the 
slope would be greater than unity, and for less sensitive binding sites the 
slope was expected to lie between 0 and 1. The position of the intercept 
characterises the difference between Ru(II/III) and M(Z/Z+). Thus the 
observed half-wave potential for a complex was defined as 
Eobs = SM Ecalc + IM (SM = slope, IM - intercept). 
Using Lever's EL parameters, half-wave potentials were calculated for 
complexes in our series Ru(acac )2L 2; these are listed in Table 5 .3 .2, together 
with the measured values and the EL values for the relevant ligands. For 
some of the olefin complexes, EL parameters have not been determined. 
Where EL was available, however, it was found that plotting Ecalc vs. Eo b s 
gives a straight line, of slope approximately equal to unity (1.07) and an 
intercept close to zero (-0.02) (Figure 5.3 .2). This demonstrates that our 
system is well-behaved in terms of Lever's model, and the gradient suggests 
that the susceptibility of the Ru(acac)2 binding site to the effects of 1t-acid 
ligands is in fact similar to that of ili-Ru(bipy)2, with respect to the 
Ru(II/III) couple. 
Trans isomers are included in the Figure, but were omitted from the 
graph when determining the line of best fit. It is expected from Lever's 
model that E 1 /2 should be independent of the stereochemistry about the 
metal centre . . Indeed, for the Ru-bipy series, according to Lever, no 
difference is observed between complexes of cis and trans geometry with 
the same ligand set, but this is not the case for Ru(acac)2L2. Examination of 
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Table 5.3.2. EL Parameters and Calculated and Observed Oxidation 
Potentials for Ru(acac)2L2a 
Ligand(s) Ecalcb 
1. acac -0.08 -0.48 -0 .54 
2. bipy +0.26 +0.20 +0.06 
3. 2PPh3 (trans) +0.39 +0.46 +0.18 
4. 2CH3CN +0 .34 +0 .36 +0.35 
5. 21BuNC +0.40 +0.48 +0.41 
6. dppm +0.43 +0.54 +0.42 
7. dppe +0.36 +0.40 +0.43 
8. dppp +0.42 +0 .52 +0.48 
9. 2PPh3 +0.39 +0.46 +0.48 
10. 2P(OMe)3 +0 .42 +0.52 +0.73 
11. 2tBuNC +0.40 +0.48 +0.85 
12. CO, PPh3 (trans) +0.69d +1.06 +0.93 
13. NBD +0.46 +0.60 +0.95 
14. 2CO +0.99 +1.66 +1.78 
a all complexes have c1s configuration unless otherwise specified. 
b each bidentate ligand contributes 2 x EL. 
c El/2 corrected to N.H.E (ferrocene = +0.66V) from Ag/AgCl 
(ferrocene = +0.55V). 
d average of EL(CO) (0.99) and EL(PPh3) (0.39). 
* Related footnote to Figure 5.3.2. 
This Figure shows all 14 complexes listed in Table 5.3.2.; however the 
line of best fit is determined by least squares analysis of the cis complexes 
only, and omitting ili-Ru(acac)2(1BuNC)2 (see Text). 
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Figure 5 .3 .2. Plot of Ecaic vs Eobs* for Ru(acac)2L2 
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*Observed E112 values have been corrected to N.H.E. (ferrocene = 0.66V) from 
Ag/ AgCl (ferrocene = 0.55V) to allow direct comparison with Ecaic. 
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the original literature (24] makes Lever's suggestion questionable and also 
makes it clear that the data base from which EL values are derived is greatly 
dominated by m-Ru(bipy)2L2 complexes . This is why the trans complexes 
should not be merged with the CIS In our analysis. Bursten and Green [25] 
noted that In complexes ML4L '2, where L' is a stronger 1t-acceptor than L, 
the energy of the HOMO (and hence the d5 /d 6 reduction potential) would be 
dependent on the number of interactions the orbital had with L', and 
showed tha·t this is expected to differ for isomer pairs (Figure 5.3.3). 
In the cis configuration, one of the d1t orbitals may interact with two 
stabilising ligands while the remaining two have one interaction each. 
Thus the HOMO has been stabilised by interaction with one L' ligand. 
Similarly it is shown that with a trans arrangement, the HOMO has no such 
interaction available. Therefore, it is expected that complexes with trans 
geometry should be more easily oxidised than those with cis geometry. This 
agrees with our findings . 
Figure 5.3.3. 
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The magnitude of the cis/trans shift does not remain constant. With 
more strongly 1t-acidic ligands the gap becomes larger, (e.g. compare 
cis/trans tBuNC; -1 = 440 m V and cis/trans PPh3; -1 = 300 m V). The isomer 
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dependence for our complexes is much stronger than is usually 
encountered for ruthenium complexes; for example the shifts for 
[Ru(bipy)2(H2O)2] 2+ and [Ru(bipy)2(MePh2P)2] 2+ (which were included 1n 
Lever's data base) are 170 m V and 130 m V respectively [24]. 
It is recognised that unreliable results can often be obtained when 
attempting to make predictions about isocyanide complexes. The EL value of 
0.4 V for tBuNC predicts an anomalously low oxidation potential for ili-
R u( ac ac) 2(tB u NC) 2, which means this complex falls distinctly off the line 1n 
Figure 5.3.2: 
Ecalc = [ (4 x -0.08) + (2 x 0.4) ] = 0.48 V; Eobs = 0.85 V (vs. N. H. E.) 
Accordingly, tis.-Ru(acac)2(tBuNC)2 was also left out when the line of 
best fit for Figure 5.3 .2 was determined. The value for the trans isomer lies 
on the line; however, since EL was defined from analysis of a set of 
complexes of cis geometry [23], and stereochemistry IS clearly important In 
our case, this IS probably mere coincidence. 
The EL value for tBuNC was not determined directly from the bipy/Ru 
series, but was calculated by Lever [23] fro~ the parameter PL proposed by 
Chatt [19]. A plot of PL vs. EL for 18 ligands gave a line of best fit having the 
equation PL = l.17EL - 0.86, and, where the bipyridyl complex 
[Ru(bipy)2L2]n+ was not available, this relationship was often used to 
determine EL [23]. Although PL values were calculated for the Cr(CO)s 
binding site, it has been shown that, generally, the numbers are applicable 
to other binding sites [ 19]. However, recent results from our laboratory 
indicate that this may not be universally true. [Cr(CO)5C1r is easier to 
reduce than [Cr(CO)6] 0 by 1.2 V [19], but for [OsCl5(CO)] 2- and [OsC16] 2- the 
shift is 2.2 V; markedly greater [26]. The influence of the other strong 
1t-acceptors In [Cr(CO)6] 0 evidently attenuates the apparent effect of a single 
CO ligand on the oxidation potential of the complex. This suggests that, 
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where L is a very strong rt-acceptor, such as CO or tBuNC, the relationship of 
EL to PL may not always hold. Indeed, Lever noted [23] that CO was an 
exception to the linear correlation between EL and PL, and that calculations 
on complexes containing CO and/or RNC ligands may require special 
consideration. 
Another explanation for the unexpected electronic influence of 
isonitrile lies in the structure of the isocyanide ligand itself. There have 
been several reports, mentioned in Section 5.2, of complexes containing 
non-linear RNC ligands, where the molecule is bent at the nitrogen atom 
[16,17,18]. This has the effect of creating more sp2 character in the N-atom, 
and raising the order of the metal-carbon bond (Figure 5 .3 .4 ). 
Figure 5.3.4. 
M+=C=N/ 
R 
• • 
It was proposed that bending of the isocyanide group occurs 1n 
situations where there is extensive back donation from the metal; e.g. 
Fe(tBuNC)S, Ru(tBuNC)4(PPh3) (17], trans-Mo(MeNC)2(dppe)2 (18]. 
It is conceivable that such effects may operate in our Ru(acac) 
complexes. The influence of the strongly rt-donating acac ligand may cause 
high electron density around the Ru(II) centre, resulting in increased back 
donation from ruthenium to tBuNC. Supporting evidence for this theory is 
provided by infrared spectroscopy: in both solid state and in solution (C6H 6), 
we observe three isonitrile stretching frequencies for the cis isomer, and 
two for the trans, rather than the number of peaks expected if the ligand 
were linear. Two bands should appear for cis and one for trans; this u 
observed for [RuII1(acac)2(tBuNC)2]+. This implies that tBuNC may be bent m 
both isomers at the Ru(II) level. 
Pombeiro et al. (27] estimated that bending in RNC may increase the 
PL value of the ligand by as much as 0.3 V, and we therefore expect that EL 
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will also be increased from the value of 0.4 V determined for the linear 
ligand, since the two parameters are related. Using our graph (Figure 5.3.2) 
to re-evaluate EL for tBuNC, yields a new value of 0.55 V. The corresponding 
PL values calculated using EL = 0.4 and EL = 0.57 differ by ca. 0.2 V, which is 
within the limits envisaged by Pombeiro . 
SECTION 5.4 SPECTROELECTROCHEWSTRY. 
The techniques of voltammetry and electronic spectroscopy can be 
used 1n a complementary sense, and the powerful combination has often 
proved extremely fruitful in the elucidation of the electronic structure of 
transition metal complexes. The optical transition is logically related to the 
redox potentials of a complex, as both phenomena involve the transfer of 
electrons to and from the frontier orbitals (Figure 5.4.1). 
Figure 5.4.1. 
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Of course, the absorption of light is a vertical process, and the product 
of such a transition is initially in a vibrationally excited state, while the 
redox reactions refer to thermodynamically equilibrated reactants and 
products. Strictly, consideration of the optical transition requires that 
certain factors be taken into account which are not pertinent in the case of 
the redox processes. However, in a study of 33 ruthenium bipyridyl 
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complexes (Ru(bipy)2XY), Dodsworth and Lever (28] showed that the 
relationship between the redox potentials and the Ru(II) ~ bipy 1t * charge 
transfer energy was approximately linear, so that 
Eop = MEredox + b 
(where Eop is the energy of the Rull to ligand optical charge transfer 
(MLCT), 6Eredox is the difference between the Ru(II/III) oxidation potential 
and the potential of the first bipyo/- reduction, and a and b are constants). 
Scatter in the points on the graph was said to reflect variations 
between ground state and excited state in the free energies of solvation and 
reorganisation, and configurational interaction. 
Having discovered for the series Ru(acac)2L 2 that the position of the 
Ru(II/III) couple varied in a systematic and broadly predictable manner, 
depending on the donor/acceptor properties of L, we were interested in the 
possible occurrence of related trends in the charge transfer bands linking 
Ru(II) or Ru(III) and acac. 
The absorption spectrum of each complex was recorded at the Ru(II) 
level. Electrogeneration of the oxidation product using the O.T.T.L.E. 
(optically transparent thin layer electrosynthetic) cell (described in 
Chapter 3) then allowed the in situ measurement of the corresponding 
spectrum at the Ru(III) level. This technique allows spectroscopic 
characterisation of complexes which are not accessible by chemical routes 
(i.e. those with El/2 > ca. 0.4 V). From analysis of these two sets of closely 
related spectra we were able to assign the transitions originating from the 
Ru(acac)2 chromophore and to look for trends in the extent to which these 
bands shifted, according to which 1t-acceptor "spectator" ligand L was 
present. 
Several unpublished studies have been performed in our laboratory 
on tris ~-diketonate complexes of transition metals, and so the frontier 
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orbital region of Ru(acac)3 is generally well understood [29]. The absorption 
spectra of Ru(acac)3 and close analogues have been collected and analysed 
for three different o-xidation states; Ru(II), Ru(III) and Ru(IV) [30]. For our 
purposes, we consider the spectra at the Ru(II) and Ru(III) levels, as none 
of the complexes described in the present study are stable enough at Ru(IV) 
to permit characterisation, even under the stringent conditions of the 
O.T.T.L.E. cell. 
The . spectrum of Run1(acac)3 is composed of three well-defined bands 
at 37400, 28800 and 20000 cm- 1 (Figure 5.4.2). The strongest of these, at 37400 
cm - l, is the ligand-centred (1t1t *) transition; the others are assigned as 
Ru(III) ~ acac 1t* MLCT and acac 1t ~ Ru(III) LMCT respectively. 
[Ru 11(acac)3r shows only two main transitions; Ru(II) ~ acac 1t* MLCT and 
acac 1t1t*, at 19800 and 33600 cm- 1 respectively (Figure 5.4.2). The transitions 
giving rise to the bands are represented in Figure 5.4.3. 
Figure 5.4.3. Schematic Molecular Orbital Diagrams for [Ru(acac)3]o/-
acac01-
Ru II/Ill 
RuIIIJIV 
RuII/lII 
acac01+ 
III Ru (acac)3 
Figure 5.4.2. Absorption Spectra Recorded During Reduction of 
Ruill(acac)3 to [Rull(acac)3]-
acac 1t1t* (RuIII) 
40,000 30,000 20,000 
cm-1 
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The Ru(acac)2 chromophore is common throughout the Ru(acac)2L2 
family, and while the electronic spectra of these species may be understood 
at first in terms of Ru(acac)3 in the appropriate oxidation state, they are 
also expected to contain interfering features ans1ng from the unique ligand 
L. However, the bands arising from the acac ligand were generally obvious. 
For example, Figure 5.4.4 shows the spectral progression obtained on 
oxidation of ili-Ru(acac)2(CH3CN)2, with initial and final spectra clearly 
marked. The similarity between these and the spectra of [Run( ac ac) 3] of- is 
readily seen. Two distinct bands occur for the complex at Ru(II), while three 
are manifest in the higher oxidation state, counting the shoulder at ca. 
30000 cm - l. The bands 1n the spectra, for both oxidation states, are generally 
quite broad, as they are in the parent Ru(acac )3] of- species 
( 4000 - 6000 cm- I at half-height), which means that band maxima are not 
always immediately discernible. Similar observations have been reported 
for other complexes, particularly those containing phosphine or isocyanide 
ligands, and have been attributed to a vibrational broadening phenomenon, 
caused by the ground- and excited-state species having different 
equilibrium geometries (28]. 
In most cases, the Ru(III) -+ acac 1t * MLCT was not readily assignable, 
as it occurred as a very broad shoulder or was obscured by overlapping 
transitions. The remaining charge-transfer bands were, however, usually 
clearly discernible and the empirical trends in these bands with varying 
1t-acidity of the ligand L could be analysed. 
Ru 11 (acac)2L 2 
The electronic spectra of the Run( ac ac )2L 2 complexes contain two 
maJor bands of interest; Ru(II) -+ acac 1t* :MLCT and acac 1t1t* (Table 5.4.1). In 
almost every instance the former is the lowest energy transition. There is 
Figure 5.4.4. 
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Absorption Spectra Recorded During Oxidation Of Rull(acac)2(CH3CN)2 to [Rulll(acac)2(CH3CN)2]+ 
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Table 5 .4.1. 
Principal Band Maxima for RuII(acac)2L2 a,b 
Complex :Ml.CT 
Ru(acac)3 20000 
Ru(acac)2( PPh3)2# 27300 
Ru(acac)z(bipy) 23500 
Ru(acac )2( CH3 CN)2 26700 
Ru(acac)2(1BuNC)2# 28000 
Ru(acac)2( dppm) 29100 
Ru(acac)2(dppe) 29700 
Ru(acac )2( dppp) 29100 
Ru(acac)2(PPh3)2 30300 
Ru(acac)2(P(OMe )3)2 C 
Ru(acac)2(SP) 31800 
Ru(acac)2(1BuNC)2 32200 
Ru(acac)2(NB D) 33600 
Ru(acac)2(COD) 32800 
Ru(acac)2(COT) C 
a measured in 0.5M TBABF4/GH2Cl2 
b # = trans isomer 
c very broad 
(sh) 
C 
22800 
20500 
22300 
25000 
24000 
24500 
C 
25000 
C 
27000 
26500 
27800 
27000 
C 
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1t1t* 
38200 
35400 
36100 
36800 
37500 
36600 
36700 
36500 
36400 
37400 
37800 
37600 
39900 
39400 
C 
one exception: In Ru(acac)2(bipy), Ru(II) ~ bipy 1t* lies at lower energy 
( 16200 cm - l) than Ru(II) ~ acac 7t * (23500 cm - l). 
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The lowest energy charge transfer listed in Table 5 .4.1 generally 
consists of a broad band/shoulder (extinction coefficient (E) typically 5000 
- 6000 mor 11 cm - l ), with a weaker shoulder to lower energy. In the main, 
the peak position (vmax) for the major component was readily determined, 
while only an approximate value could be assigned to the low-energy 
shoulder. n was clear, however, that the components might be related, as 
they had a similar linear relationship to the Ru(Il/111) oxidation potential 
(El/2). 
A plot of vmax (for the maJor component) versus El/2 yields a linear 
graph (Figure 5 .4.5A). To a first approximation, we would expect a gradient 
of unity, in e V N, which would indicate that the observed shifts in the 
energy of the Ru(II) ~ acac 7t * charge transfer simply reflect the shifts In 
the d1t levels, with the acac acceptor orbitals remaining virtually constant 
In energy. 
We find that the actual slope for the line of best fit is 1.12 eVN. Slopes 
of similar magnitude have been computed for other families of complexes 
(e.g. 1.16 eVN for Ru(bipy)2L2 [31], 1.2 eVN for RuXnL6-n (n = 0 - 6) [32]). 
The deviation from unity is expected on consideration of the Franck-Condon 
principle. Transfer of an electron to an upper electronic level produces a 
species which is fleetingly constrained to the geometry of the molecule In 
the ground state. While the inappropriate interatomic distances prevail, the 
molecule remains in a vibrationally excited state. Thus the observed energy 
(Eop) for the transition is greater than simply the difference between the 
zero point energies of the ground and excited states (Eo), by an amount 
defined as X, the sum of the intramolecular (xi) and solvent dipole (xo) 
reorganisation . energies, so that Eop = Eo + X· As shown by Hush [33], x is 
itself proportional to the energy gap between the upper and lower 
electronic states. Hush set x = pE 0 , (where p is a vibronic coupling constant 
Figure 5.4.5. Correlation of Energy of MLCf Band (Rull) with 
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and Eo is the difference in internal energy between ground state and 
excited state), so that x increases with Eo. Thus, returning to the present 
study, it can be seen that, in the absence of shifts in the acac 1t * levels, the 
gradient obtained on plotting Eop vs. El/2 may readily be greater than unity. 
Although vmax for the lower energy shoulder associated with the 
MLCT transition can only be estimated, a crude plot of this band energy vs. 
E 1/2 also reveals an approximately linear relationship (Figure 5.4.5B). The 
MLCT band thus appears to encompass two transitions, and this requires that 
there exist either two donor orbitals or two acceptor orbitals. The former 
situation may arise by virtue of a splitting in the ruthenium d1t levels, and 
the magnitude of the energy gap is then expected to be sensitive to 
alterations in the coordination sphere. We find that the energy separation 
between the two components of the MLCT envelope varies substantially 
throughout the series of complexes, with stronger 1t-acceptors 
. . 1ncreas1ng 
the energy difference. This strongly suggests that a splitting mechanism 
does indeed operate. The unoccupied ligand acceptor orbitals (acac 1t*) are 
expected to be largely insensitive to changes in the ligand field energies. If 
the splitting of the MLCT band originated in the acceptor levels, we would 
not then observe such a clear trend in the size of the band separation. 
At the Ru(III) level, the lowest energy feature is invariably acac 7t ~ 
Ru(III) LMCT. This transition occurs either as a single, broad band (L = 
CH3CN; L2 = acac, bipy; all trans isomers) or as a "doublet", with higher and 
lower energy components (all other complexes). Principal bands in the 
spectrum are listed in Table 5 .4.2. The existence of two components in this 
band requires that the acac ligand has two 1t donor levels since there is only 
one hole in the "t2g" manifold in the ground state and the promoted d1t 6 
configuration is unique. When the acac ligands are in a mutually cis 
Table 5 .4.2. 
Principal Band Maxima for [Rulll(acac)2L2]+ a,b 
Complex LMCT(l) 
[Ru(acac)3 20000 
[Ru( acac)2(PPh3)2]+# 14600 
[Ru( ac ac )2(bi PY)]+ 18900 
[Ru(acac)2(CH3CN)2]+ 17400 
[Ru(acac )2(tB uNC)2]+# 16200 
[Ru(acac )2( dppm) ]+ 15600 
[Ru(acac )2( dppe)] + 15300 
[Ru( ac ac )2( dppp)] + 15400 
[Ru( acac )2(PPh3)2]+ 15000 
[Ru( acac)2(P(OMe )3)2]+ 14550 
[Ru( acac )2(SP) ]+ 14200 
[Ru(acac)2(1B uNC)2]+ 14000 
[Ru(acac )2(NB D)] + 13200 
[Ru(acac)2(COD)]+ 12700 
[Ru(acac)2(COT)]+ 12200 
a measured in 0.5M TBABF 4/ CH2Cl2 
b # = trans isomer 
c single maximum 
d no clear maximum 
LMCT(2) 
C 
C 
17700 
17200 
17000 
16400 
16600 
16200 
16200 
15500 
15500 
15400 
200 
7t7t* 
38500 
37800 
35100 
35200 
35800 
d 
d 
d 
d 
34900 
34000 
34200 
34100 
33700 
35200 
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arrangement, the symmetry of the molecule dictates that the 'halves ' of an 
individual ligand are not equivalent. One donor atom lies trans to L while 
the other is trans to another O atom which is electronically very dissimilar 
to L. The asymmetry is detectable by 1 H n.m.r. spectroscopy, as the methyl 
protons on either side of the chelate ring have different chemical shifts. 
This asymmetry causes the donor level to be split. Thus we might expect two 
LMCT transitions in the cis complexes, and these are resolved in every case, 
except L = CH3 CN or L2 = bipy. For the higher symmetry trans isomers, a 
single band is observed. 
Where the LMCT band has two observable components, both 
separately display a linear relationship with the half-wave potential of the 
Ru(II/III) couple (Figure 5.4.6). The lower energy component is less 
strongly dependent on E 1 /2, with an observed shift of 0.35 e V N as compared 
with 0.56 eV/V for the higher energy component. If the shifts in the 
charge transfer energy were wholly attributable to progressive 
stabilisation of the Ru d1t set and the acac 1t levels remained stationary, the 
anticipated gradient of the plot would be ca . 1. 15 eVN, for reasons discussed 
earlier in the chapter. A significantly smaller slope means that the acac 1t 
levels are also shifting to lower energy. Since the 1t-acceptor ligands 
remove electron density from the metal core, the partial positive charge on 
ruthenium is increased and 1t donation from acac is thus encouraged. The 
extent to which the donor levels are stabilised, simultaneously with the d1t 
levels, 1s reflected in the magnitude of the slope; the closer to ca. 1.15 e V /V, 
the less the acac ligand is affected bf changing L. If the donor and acceptor 
levels are stabilised by the same amount as one ligand L replaces another, 
no shift in acac ~ Ru(III) LMCT band position will be observed. For 
ru-Ru(acac)2L2 then, it is clear that the lower donor level is more sensitive 
to relayed effects of L than the upper. From this it follows that the 
separation between the two components of the LMCT also has a 
correspondence with El/2, and this is illustrated in Figure 5.4.7. More 
Figure 5 .4.6. 
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strongly 1t-acidic ligands increase the separation between the donor levels 
and the components of the LMCT band consequently become more resolved. 
A small band separation should then occur for those cis isomers which 
contain less ·efficient 1t-acceptors. It therefore seems likely that the 
apparently single band observed for tis.-[Ru(acac)2(CH3CN)2]+ and 
[Ru(acac)2(bipy)]+ actually consists of two unresolved components. 
The spectrum of trans-[Ru(acac)2(1BuNC)2]+ displays a single LMCT 
peak, centred at 16200 cm - l. Graphically, this point conforms quite closely 
to the trend associated with the lower energy shoulder of the corresponding 
transition for the cis isomers. No such conformity is observed for trans-
[Ru(acac)2(PPh3)2]+ for which the LMCT band (umax = 14600 cm- 1) is 
anomalously low in energy, in relation to El/2(Rull/III). It has been noted, 
for some electronically similar tertiary phosphine/chloro complexes, 
fil-MCl3P3 (P = tertiary phosphine, M = Ru(III), Os(III), Ir(IV)), that the 
donor orbital for the lowest energy LMCT may be derived chiefly from the 
phosphine ligand rather than from chloride [34 ]. Since acac is a 1t donor of 
similar "hardness" to chloride, it seems reasonable that a similar energetic 
situation may arise for trans-[Ru(acac)2(PPh3)2]+, in relation to its 
oxidation potential, when compared with the other complexes listed here. 
Thus, the donor orbital for the LMCT transition may in this case have a 
substantial degree of phosphine character. It is not clear, however, why the 
same situation should not arise for the cis isomer. 
The lines of best fit through the points for the high and low energy 
components of the LMCT band for the cis isomers are shown in Figure 5 .4.6. 
From this it can be clearly seen that the lines converge upon the point for 
Ru(acac)3. In other words, the asymmetry within the cis-Ru(acac)2 
chromophore has dwindled as the electronic influence of L approaches that 
of acac, and the separation of the donor levels in the limiting case of 
Ru ( ac ac) 3 is therefore zero. 
204 
SECTION 5,5 ELECTRON PARAMAGNETIC RESONANCE SPECTRA 
Paramagnetic transition metal complexes may show an electron 
paramagnetic resonance (e.p.r.) spectrum. The e.p.r. spectrum often 
contains valuable information about the electronic structure of a complex, 
sometimes reflecting geometrical distortions too small to be picked up by 
X-ray crystallography (35]. The simplest systems are those with one 
unpaired electron. Even so, interpretation of the spectrum may not be 
straightforward, particularly for complexes of the second- and third-row 
metals for which spin-orbit coupling effects can be large. 
The ground-state electronic configuration of the metal atom In 
[Ru( ac ac) 2L 2] + is low-spin d5, thus giving rise to a single unpaired electron. 
Consistent with this, the complexes in the present study each generate a 
measurable e.p.r. signal at the Ru(III) level. E.p.r. spectra have been 
collected for a number of other Ru(III) species, such as [Ru(NH3)6] 3+ (36], 
[Ru(en)3] 3+ (37] and several cx-diimine complexes (38]. The following section 
presents the e.p.r. spectra and associated g-values for the series 
[Ru(acac)2L2]+, which constitute an interesting body of data. We comment 
on some aspects of the results without attempting a more theoretical 
analysis which would be inappropriate in the present context. 
For a single electron (s = 1/2) there are two possible spin states, 
ms = + 1/2, and, in the absence of zero-field splitting (usually attributable to 
spin-orbit coupling), these states will be degenerate. This degeneracy 
(Kramers degeneracy) is lifted in the presence of an applied external 
magnetic field and transitions between the levels become possible. These 
transitions are measured in the e.p.r. spectrum. 
The g value obtained from an e.p.r. spectrum Is a measure of the 
energetic separation of the spin states and is equal to 2.0032 for a free 
electron. Since g is a tensor quantity and has inherent direction, its 
magnitude depends on the orientation of the molecule with respect to the 
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external magnetic field. In a perfectly symmetric (cubic) system, the same 
value will be obtained irrespective of orientation and g is said to be 
isotropic. In the more common situation g is anisotropic and has non-
equivalent components along the x, y and z axes. If the molecule has overall 
tetragonal electronic symmetry, g will have one component (gz) parallel to 
the principal symmetry axis, known as g11, and components along the x and 
y axes (gx and gy ), which are equivalent and give rise to a single resonance 
called g1.. With lower electronic symmetry gx and gy are no longer have the 
same magnitude and three g signals are observed. In powder samples, or 1n 
fluid solution, the molecules adopt random orientations and the spectrum 1s 
broadened, so that a single, average g value is obtained. Single crystals and 
frozen solutions give much sharper spectra and the different components 
of g may be resolved for anisotropic molecules. With single crystals, 
orientation of the sample is possible, allowing determination of the g value 
associated with a particular symmetry axis, and the peaks in the spectrum 
can be assigned to gx, gy and gz. This is not possible for a frozen solu.tion, of 
course; although three signals can still be observed, these cannot be 
assigned to specific molecular axes. 
The single-electron model may not adequately account for the 
splitting observed in the e.p.r. spectra of transition metal complexes. There 
can be many electrons in the d orbitals and the situation may be further 
complicated by the occurrence of orbital degeneracies and zero-field 
splitting. For this reason we must consider the electronic states arising from 
a given configuration and analyse the spectrum in terms of the transitions 
between these states. 
In an octahedral field, the five otherwise degenerate d orbitals split 
into an upper (eg) and a lower (t2g) set. With lower electronic symmetry 
further splittip.g may occur and the molecule becomes distorted from 
octahedral geometry. The nature of the distortion depends on the electronic 
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symmetry associated with a particular ligand substitution pattern, as shown 
in Figure 5.5.1. 
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As g is related to the extent of splitting between electronic states, it 
provides a measure of the degree of departure from strict octahedral 
symmetry (for which g is expected to be isotropic) . Ligand field theory 
[39,40] shows that the relationship of the g tensors to 6/"A., where 6 is the 
energy splitting 1n the t2g set and A is the spin-orbit coupling constant, can 
be described by the graph shown in Figure 5.5.2. A negative value of 6 
indicates that the singlet state B2g (eg 4 b2g 1) lies lower than the doublet 
state Eg (eg 3 b2g 2); that is, dxz and dyz are stabilised to a greater degree than 
is dxy (see Figure 5.5.1). Similarly, a positive value for 6 implies that dxy lies 
to lower energy; that is Eg < B2g. 
If a complex contains bidentate ligands, e.g. acac, the possible 
occurrence of an Orgel effect must be taken into account [ 41,42]. The Orgel 
effect allows for the fact that the two donor atoms on one ligand are not 
completely independent of one another, so a mutual influence may be 
transferred via. the backbone of the ligand. In this case the two sets of 
"atomic" orbitals which constitute the vertical (i.e. out-of-plane) 1t- systems 
of the two donor atoms will combine to give, formally, a bonding and an 
Figure 5.5.2. Correlation of g-Values with Ligand-Field Splitting Parameters (AA) 
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antibonding set, called 'V and x respectively. The in-plane (lone pair) donor 
orbitals are unaffected and their influence must be considered separately. 
Broadly speaking, an Orgel effect is manifest in a rhombic distortion of ru-
or trans-MX4L2 when chelating ligands (AA) replace X, giving M(AA)2L2 
[43]. This results in further splitting in the d orbital manifold, beyond the 
influence of the symmetry of the donor atom set (see Figure 5.5.1). Hence 
the extent of the effect 1s reflected in the e.p.r. spectrum of the complex, in 
that gx and gy are no longer degenerate. 
Having reviewed some rudimentary aspects of the theory of e.p.r. we 
may now apply these in analysing the spectra of [Ru(acac)2L2]+. Typical 
spectra are shown in Figure 5.5.3, and Table 5.5.1 lists the corresponding g 
values. 
1. Trans-[Ru(acac)2L2]+ 
The three g-values obtained from the spectra are all very close to the 
free-electron value of 2. Matching these values to the graph (Figure 5.5.2) 
we find that, assuming axial symmetry (i.e. g1. > g11), there are two possible 
solutions: either fl/A is small and negative or it is large and negative. 
Commonsense suggests that the latter possibility, associated with significant 
tetragonal distortion, is much more likely for a complex having two 1t-
acceptor ligands trans to one another. Defining the z-axis as the unique axis 
bearing the 1t-acceptor ligands, we see that dxz and dyz are preferentially 
stabilised and lie at lower energy than dxy. Indeed, this turns out to be the 
appropriate circumstance for the electronically similar species trans-
[RuCl4(tBuNC)2r [ 44 ]. 
At first sight the present spectra appear to show that the trans 
isomers, typified by trans-[Ru(acac)2(tBuNC)2]+, have nearly axial 
symmetry, with gx and gy almost equal and gz lying at higher field. 
Consulting the graph we find that this interpretation 1s appropriate. With 
a tetragonal distortion g11 (gz) must take lowest value. Thus the two higher 
Figure 5.5.3. 
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Table 5.5.1. g-Values for [Ru(acac)2L2]+ a 
Complex 
m-[Ru( acac )2( CH 3 CN)2]+ 2.40 2.17 1.77 
.ci_s_-[Ru(acac )2( dppm) ]+ 2.21 2.15 1.94 
.ci_s_-[Ru(acac )2 ( d ppe)] + 2.29 2.14 1.92 
c;is-[Ru(acac)2( dppp) ]+ 2.40 2.12 1.86 
m-[Ru(acac)2(PPh3)2]+ 2.40 2.08 1.84 
tran s-[Ru( ac ac) 2 (PPh 3 )2] + 2.28 2.23 1.84 
trans-[R u( ac ac )2(tB uN C) 2]+ 2.24 2.20 1.89 
tis.-[Ru(acac)2(tB u NC) 2]+ 2.28 2.10 1.91 
m-[Ru(acac)2(COD)]+ 2.23 2.10 1.94 
.ci_s_-[Ru(ac ac )2( SP)]+ 2.33 2.05 1.91 
a measured in 1:1 CH2Cl2-toluene at 120K 
• 
figures must correspond to g1_, which is split into two components. The 
separation of the components is small, implying that there is a small 
rhombic distortion, probably due to an Orgel effect imposed by the acac 
ligands, operating in conjunction with the original tetragonal distortion. 
The closeness of g11 and g1_ ( the numerical mean of gx and gy) 
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indicates that the tetragonal distortion must be pronounced, generating an 
energy gap of >3000 cm- l between the eg and b2g states. Replacing tBuNC by 
PPh3 increases the separation between g11 and g1_, thus the magnitude of t:./"J... 
is decreased (see Figure 5.5.2). The mean value obtained for g1_ is raised, 
while g11 is depressed very slightly. The weakness of the shifts in the g 
values, while significant substitutional changes are being made (witness 
the shift in El /2 of 230 m V) requires that they lie on a shallow part of the 
curve rn Figure 5 .5 .2, which supports the assertion that the tetragonal 
distortion 1s severe. 
2. Cis-[Ru(acac )2L2 
For the cis isomers the g values are also quite close to 2 but, because of 
the stereochemistry, this is now more likely to be indicative of a smaller, 
positive value of t:./"J.... Where both isomers for a particular configuration are 
available, such as c1s- and trans-[Ru(acac)2(tBuNC)2]+, ligand field theory 
shows that t:. (cis) - -1/26 (trans); i.e. the splitting in the d set for the c1s 
isomer is expected to be half as big as, and of opposite sign to, that observed 
for the trans isomer. Thus g..1_ now lies to lower field and the ordering in the 
d1t manifold is b2g < eg. 
The splitting of the g-tensor, as measured by the difference between 
g11 and g.1, is sensitive to the choice of L. Empirically, it is reduced by 
increasingly n-acidic ligands, which implies that the departure from 
octahedral symmetry is less with better n-acceptors. (Figure 5.5.2). 
For the alkyl-bridged phosphine complexes, which have very similar 
donor/acceptor properties, the separation between g11 and g.1 vanes 
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strongly. Increasing the size of the P-P bite angle increases the splitting 1n 
the g-tensor, suggesting that with a smaller bite angle the electronic 
symmetry of the molecule is less distorted from octahedral. Thus the 
appearance of the spectrum is affected by the geometry imposed by the 
ligands L, as well as by electronic effects. 
For all of the cis complexes, gx and gy, the two components of g.1, are 
non-degenerate, and this may reflect the operation of an Orgel effect. The 
extent of this splitting, however, is relatively insensitive to the choice of L . 
SECTION 5,6 CONTACT-SHIFTED NJvLR. SPECTRA OF [Ru(acac)2L2]+ 
In the past it was believed that if a complex generated a measurable 
e.p.r. spectrum, no n.m.r. spectrum would be observed. Conversely, those 
species for which an n.m.r. spectrum could be measured were expected to be 
e.p.r. silent, under similar conditions. This is because the spin relaxation 
requirements of the two experiments, e.p.r. and n.m.r., are opposed; the 
former requires a long relaxation time and the latter a very short one. It 1s 
now recognised that, while these criteria still apply, some species are 
amenable to characterisation by both methods. If the sample gives a sharp 
e. p.r. spectrum at room temperature (long T 1) then no solution n.rn .r. 
spectrum will be obtainable. However, if low temperature is required to 
produce a sharp e.p.r. spectrum (intermediate T1) the solution n.rn.r. 
spectrum may be collected, though the peaks are likely to be broad. In the 
third case, complexes which are essentially e.p.r. silent should give sharp 
n.m.r. spectra. Though it is rare to find species for which both e.p.r. and 
n.m.r. characterisation is possible, the complementary nature of the 
techniques means that the one can be helpful in interpreting the results of 
the other. 
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1 H resonances for the ligands in paramagnetic transition metal 
complexes are in general markedly shifted and broadened in companson 
with the corresponding complexes of diamagnetic metal ions. The 
paramagnetic shift, ~ v, compares paramagnetic and diamagnetic chemical 
shifts for the same ligand (~V = Vpara - Vdia; Opara= oobserved - Odia). 
Usually, comparisons are made with isostructural complexes of other 
metals in order to determine the paramagnetic shift (e.g. Ru(III) (S = 1/2) 
vs. Rh(l11) (S = 0), or in the present case, Ru(III) vs. Ru(II)). 
The overall paramagnetic shift for the ith proton, ~Vi/Vo (or ~Hi/Ho) 
is the summation of dipolar (through-space) and contact (electron spin-
transfer) effects [ 45]. In solution, the effects are averaged by tumbling and 
are thus referred to as isotropic paramagnetic shifts. 
~V/V (measured) - ~V/V (dipolar) + ~V/V(contact) 
The dipolar contribution is sometimes referred to as "pseudo-contact" 
and the true contact shift is also known as the Fermi contact shift. If the 
signs and magnitude of contact coupling constants can be evaluated by 
determining the true contact shift for each proton, then these data can be 
tested against the frontier molecular orbital descriptions using known 
models of o and 1t spin-transfer. 
Any analysis of electronic structure and covalency through 
interpretation of spin-transfer obviously depends on separation of dipolar 
and contact contributions. Accurate evaluation of the dipolar contribution 
depends on knowing the molecular geometry (distances and angles), and on 
detailed knowledge of the g-tensor and its relationship to the principal 
molecular axes. 
Thus, there 1s the prospect of making progress with the U£- and 
trans-[Ru III( acac )2L 2]+ systems, since high-quality e.p .r. data are 
emerging. Prior to all this, it is necessary to observe and reliably assign the 
2 14 
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resonances of interest in the H n.m.r. spectra. This is a non-trivial 
exercise, for several reasons. Firstly, the shifts observed can be extremely 
large and may not be of the same sign for each proton. This means that the 
correlation between the spectra of the paramagnetic and diamagnetic 
species may not be immediately obvious, since crossover of the peaks can 
occur. Secondly, some peaks may be severely broadened, to the point of 
disappearance, so that there are less resonances than expected in the 
contact-shifted spectrum. Thirdly, it may not be possible to resolve 
overlapping resonances, due to the broadness of the signals. 
Therefore, in the present context of [Ru1II( ac ac) 2L 2] + chemistry, we 
have set ourselves the initial objective of finding and assigning the acac 
proton resonances. Hopefully, this is a useful prelude to further analysis as 
detailed understanding emerges of the g-tensor in these systems. There 
have been several reports of paramagnetic n.m.r. spectra of Ru(III) 
complexes, particularly tris(~ -diketonato) complexes [ 1, 46-48]. As far as we 
are aware, this is the first time that the spectra of Ru(III) bischelates have 
been observed. 
Each member of the family of complexes [Ru(acac)2L2]+ generates a 
sharp e.p.r. spectrum in glassy solution at 77K. Consistent with this, we were 
able to measure contact-shifted n.m.r. spectra at ambient temperature for 
those complexes which were stable at the Ru(III) level. 
Figure 5.6.1 shows the contact-shifted 1 H n.m.r. spectrum of ~-
[Ru(acac)2( CH 3C N) 2]+, together with the spectrum of the corresponding 
diamagnetic compound. Assignment of the three strong bands in the 
contact-shifted spectrum appeared to be straightforward, with the single 
peak at high field corresponding to the protons of coordinated acetonitrile 
and the two upfield resonances being derived from the two acac methyl 
environments . .Initially, though, the signal for the CH proton of the acac 
ligand could not be located. In order to confirm the assignments for the 
strong peaks and, more importantly, to determine the position of the 
Figure 5 .6.1. 1 H N .M.R. Spectra of Diamagnetic (Rull) and 
Paramagnetic (Rulli) [Ru(acac )2(CH3CN)2]0 /+ 
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m1ss1ng peak, a spectroscopically-monitored "titration" was performed. A 
spectrum of the diamagnetic species Ru(acac)2(CH3CN)2 was collected, then 
aliquots of an equimolar solution of [Ru(acac)2(CH3CN)2]+ were added and a 
spectrum was measured after each addition. In this way, it was possible to 
ascertain the dependence of each chemical shift on the proportion of 
Ru(III) present in solution. The titration could also be performed by direct 
addition of known quantities of AgPF6 to the n.m.r. tube containing the 
Ru(II) solution, thereby generating the oxidised species in situ. However, 
this method was less desirable as it also produced colloidal silver and 
ultimately diluted the sample. 
As illustrated in Figure 5.6.2, all of the peaks follow a strict linear 
relationship, shifting steadily as the concentration of the paramagnetic 
species increases and also steadily broadening. The signals derived from the 
acac ligand all shift upfield, regardless of the differing environments, 
while the resonance for the nitrile protons moves in the opposite direction. 
In a solution containing 100% Ru(III) the peak for the methine proton of 
the acac ligand appears at -85 ppm. This shift is much stronger than 
observed for the methyl protons, and since the peak is only one-sixth of the 
intensity of the others, the assignment, had the peak been detected in the 
original measurement, would have been doubtful without the titration 
experiment. 
1 Contact-shifted H n.m.r. spectra were also measured for the Ru(III) 
phosphine complexes (L = PPh3 (cis and trans), L2 = dppm, dppp) and for 
trans-[Ru(acac)2(tBuNC)2]+. Peak positions are listed in Table 5.6.1. 
Ru(acac)2(dppe)]+, [Ru(acac)2(dppp)]+ and ili-[Ru(acac)2(PPh3)2]+ each 
display a signal at ca. -27 ppm, and another of equal intensity to higher 
field. These have been assigned to the acac methyl protons, on the basis of 
their relative intensities and similar chemical shift to the appropriate peaks 
in the spectrum of [Ru(acac)2(MeCN)2]+. The separation between these two 
peaks appears to be influenced by the nature of the ligand, though not 1n 
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Figure 5 .6.2. Shifts of Peaks in lH N.M.R. Spectrum of 
Ru(acac)2(CH3CN)2 with Increasing Proportion of 
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Table 5.6.1. Chemical Shifts of Protons in [Ru(acac)2L2] [PF6] (ppm)a. 
COMPLEX 
cis-[Ru( acac )2(CH3 CN)2]+ 
cis-[Ru(acac )2(PPh3)2]+ 
[Ru(acac )2(dppp )]+ 
[Ru(acac )2(dppe )]+ 
[Ru(acac)2(dppm)]+ 
trans-[Ru(acac )2(PPh3)2]+ 
tranS_-[Ru(acac )2(1BuNC)2]+ 
a Spectra measured in CD2Cl2 
b Unresolved shoulder 
acac CH3 acac CH 
-27 .5 -24.4 -8 5 
-26 .1 -17. 7 
-26. 9 -19 .0 
-28 .1 -23 .0 
(-30 - -18)b 
-16. 7 +19 
-19 .4 -10 
Resonances of L 
+36.4 {CfuCN} 
-14.0 
-14.1 {Ph2P(Cfu)nPPh2} 
-14.0 
-1.3 {(C4H9)NC} 
Iv 
...... 
00 
2 19 
the quantitative sense reflected by the voltammetric data. With stronger 1t-
acceptors the difference is greater. It was not possible to locate the ring 
protons in these spectra as the strength of the aryl signals prevented 
accumulation of sufficient transients. 
We discern a marked increase in paramagnetic broadening of the 
acac methyl signals in the sequence L2 = 2 x PPh3 (cis) < dppp < dppe < dppm, 
so that for [Ru(acac)2(dppm)]+ the resonances occur only as an unresolved 
shoulder on a sharper resonance at 14.0 ppm. All three complexes 
containing bidentate phosphines show a resonance at ca. 14 ppm, which has 
been assigned to the methylene bridging protons 1n the phosphine ligand. 
This signal becomes strong and broad simultaneously with the broadening 
of the acac methyl resonances. The signals for the aromatic protons of the 
phosphine ligands occurred in the region 5 - 10 ppm, and were not 
significantly broadened. 
In the spectra of the more highly symmetric trans . isomers, the 
strong, broad signal at ca. 20 ppm (L = PPh3: B = 17 ppm; L = tBuNC: B = 19 
ppm) has been assigned to the acac methyl protons, as the magnitude of the 
shift is comparable to that observed for these protons in the cis complexes, 
and there are no other strongly shifted peaks in the spectra which have 
sufficient intensity. The signal for the tBuNC protons has also been shifted 
slightly, to -1.3 ppm. (vs. 1.53 ppm in the diamagnetic complex). 
Both of the trans isomers also display a much weaker, very broad 
resonance. This occurs at +19 ppm for trans-[Ru(acac)2(PPh3)2]+ and at 
-10 ppm for trans-[Ru(acac)2(tBuNC)2]+. In each case the intensity of the 
signal, relative to the acac methyl signal, suggests that it may be due to the 
acac CH proton. However, the very different chemical shift of the weak 
resonance in the two spectra preclude a confident assignment. In the one 
case where we have located the acac CH proton definitively, 
[Ru(acac)2(CH3CN)2]+, its paramagnetic shift is in the same direction as the 
acac methyl protons, and 1s much stronger, as in Ru(acac)3 (48]. Since the 
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spin-transfer mechanism may not be the same for the c1s and trans isomers, 
and the overlaid pseudo-contact contribution could be very influential, we 
tentatively assign these resonances to the acac CH protons. Clearly these 
complexes merit further investigation by the difficult but informative 
titration method. 
EXPERil\.ffiNT AL. 
Voltammetry and Spectroelectrochemistry: All measurements were 
performed in freshly-distilled, deoxygenated CH2Cl2 which was 0.5M 10 
supporting electrolyte (tetrabutylammonium tetrafluoroborate). Apparatus 
and techniques utilised in the voltammetric and spectroelectrochemical 
characterisation of the complexes have already been described fully in 
Chapter 3. 
E .p.r. spectra: All spectra were measured at 120K 1n glassy solution (1: I 
methylene chloride-toluene). Less stable Ru(III) complexes were generated 
in situ, using Schlenk techniques. A solution of Run( ac ac) 2L 2 in freshly-
distilled toluene (L2 = SP, NBD, COD) was prepared and transferred to an e.p.r. 
tube via syringe. A deoxygenated solution, containing a stoichiometric 
amount of AgPF6 in dry CH2Cl2 was then added to the tube, which was sealed, 
shaken and inserted immediately into the pre-cooled klystron. The spectra 
were recorded on a Jeol JES-PE e.s .r. spectrometer equipped with a variable 
temperature unit. 
Contact-shifted n.m.r. spectra: These were collected on a Varian XL200E 
n.m.r. spectrometer, using the methods described above. 
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